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ABSTRACT 
 
The two main objectives of this work is 1) to develop a mathematical model to efficiently capture 
the fracture behavior of materials undergoing thermal shock and 2) to design and develop a 
mechanics based hybrid laser/waterjet manufacturing process that will be able to machine hard 
and brittle materials at higher speeds and with better cut quality. The mathematical model relates 
the temperature generated during the machining process to the fracture behavior observed 
during machining. The hybrid manufacturing processes produces a synergetic effect of both laser 
and waterjet processes and overcomes the disadvantages of both of them. 
The temperature distribution is obtained from the Green’s solution of the Fourier Heat 
Conduction equation. Uncoupled thermoelastic stresses are obtained from the temperature 
distribution which in-turn is related to the stress intensity factor/Griffith Energy for Mode I crack 
growth by Bueckner’s weight function approach. This model can also be used to predict fracture 
behavior for given laser processing conditions. This model can also be used to manipulate 
transformational stresses that occur during machining of high conductive materials. This model 
can be easily extended to many multi-physics problems involving thermo-elastic behavior.  
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CHAPTER 1. INTRODUCTION 
1.1.Abstract  
In this chapter, we will discuss the motivation for the development of the current research work. First, a 
literature survey on the need for machining ceramics will be discussed along with various traditional 
machining techniques (diamond grinding, sawing etc) and non-traditional machining techniques (laser 
cutting and waterjet). Second, we will discuss a hybrid manufacturing process to overcome the 
disadvantages of the existing machining techniques. Finally, we will present you a synopsis of the 
various ceramics that have been studied and their related chapter encompassing a detailed journal 
publication on LWJ machining of the particular ceramic. 
 
1.2.Ceramic Machining  
Ceramics are widely used for a variety of applications ranging from microelectronics to prosthetics 
because of desirable properties such as: high hardness, low chemical reactivity, high volume receptivity 
at elevated temperatures, low density, low thermal conductivity, and ultra-fine finishing capability[1-4]. 
The new high-tech materials achieve high levels of strength. Their figures are comparable with those for 
metals, and generally exceed those of any polymer. The properties of the ceramic material are heavily 
influenced by those of the particular microstructure. The mechanical and physical properties can be 
influenced in different ways through the deliberate creation of particular microstructures, a process 
referred to as "microstructure design". An important point always to bear in mind when applying 
ceramics is this - ceramics are brittle. The ductility of metal construction materials make metals "good-
tempered and well-behaved". The small errors of construction (incorrect tolerance) are taken care due to 
the ability to disperse local stress peaks through elastic and plastic deformation. Also metals are typically 
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good electrical and thermal conductors and these properties are independent of orientation. Ceramic 
materials, on the other hand, are usually electrically and thermally insulating, have high hardness figures, 
and may have very low thermal expansion. Their shape is, furthermore, extremely stable due to the 
absence of a capacity for plastic deformation. Compression strengths ten times greater than the bending 
or tensile strengths can be achieved. In comparison with metals, ceramics are particularly suitable for 
application at high temperatures, since the characteristics of ceramic materials are altogether less strongly 
influenced by temperature than metals and even then only at particularly high temperatures. Ceramics 
offer equally high benefits in terms of corrosion and abrasion resistance. Because of these advantages, we 
find technical ceramics everywhere for eg: insulators found at each household. Ceramic substrates and 
parts are the basis for components and modules in all areas of electronics, while in machine and plant 
construction sliding and bearing elements provide low wear, corrosion-free function. Ceramic 
construction and insulation materials are indispensable to the industrial furnaces used in high-
temperature technology.  
 
Ceramic materials are inorganic and non-metallic. They are generally moulded from a mass of raw 
material at room temperature, and gain their typical physical properties through a high temperature 
firing process. In contrast, the Anglo-Saxon term "ceramics" also often includes glass, enamel, glass-
ceramic, and inorganic cementitious materials (cement, plaster and lime). The German ceramics industry 
also distinguishes between coarse and fine ceramics, depending on the particle size in the raw material. 
The definition according to Hausner applies to the structure of the fired ceramic, specifically to the grain 
structure. The boundary is considered to lie at grain sizes of between about 0.1 and 0.2 mm. If the 
elements of the microstructure are smaller than 0.1 mm, which means that they can no longer be detected 
with the naked eye, the German usage then refers to fine ceramics – regardless of the material. 
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Technical ceramics refers to ceramic products for engineering applications. Terms commonly seen in 
literature such as: 
• high performance ceramics 
• structural ceramics 
• construction ceramics 
• industrial ceramics 
• engineering ceramics 
• functional ceramics 
• electrical ceramics 
• cutting ceramics and 
• medical ceramics 
Most of these applications require fast processing, tight dimensional tolerance and excellent surface 
integrity, therefore controlled processing and manufacturing becomes critically important. The high 
strength, high hardness, low ductility, and low electrical conductivity have significantly increased the 
challenges in machining these materials. Ceramic machining has been accomplished by both traditional 
(grinding, sawing etc) and non-traditional (laser, waterjet etc) methods.  
1.2.1 Conventional Machining Techniques 
Efforts have been made towards the development of machining, in particular grinding, technology for 
advanced ceramics in an efficient mode [5, 6]. High speed grinding has been studied for achieving a high 
removal rate in the machining of ceramics[6, 7]. In the high speed grinding process, an increasing wheel 
speed can reduce the maximum chip thickness, and thus the grinding force. This would promote ductile 
flow by reducing the tendency for brittle fracture [8]. On the other hand, the increased speed enables an 
increase in the wheel DOC or the workpiece feed rate to obtain a higher removal rate, without the 
deterioration of machined surface quality. Previous studies have been concerned with the high speed 
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grinding of advanced ceramics [9, 10]. For instance, Kovach et al.[10] carried out a feasibility study on 
the application of high wheel speeds in the low damage grinding of advanced ceramics, but the grinding 
was conducted at low efficiency modes. Hwang et al. [9, 11] systematically investigated the machining 
characteristics of silicon nitride under high speed grinding conditions. Their research focused on wheel 
wear mechanisms, again at low removal rates. Klocke et al. [7] studied various process strategies for the 
high speed grinding of aluminum oxide and silicon-infiltrated silicon carbide at high removal rates. The 
results indicated that the high speed grinding at high removal rates does not decrease the fracture 
strength of the machined ceramic components. However, in these works[7, 10], no detailed investigations 
of the effects of high speed grinding conditions on the material removal mechanisms and the surface 
integrity of advance ceramics have been reported. 
Conventionally, machining of ceramics is accomplished through processes such as diamond machining 
and grinding which suffer from: 1) difficulties in obtaining complex contours; 2) low material removal 
rate; 3) excessive tool wear; and 4) high cost. Consequently non-traditional techniques such as water-jet 
and laser cutting have emerged as potential replacements for these diamond processes. 
1.2.2 Non-conventional Machining 
1.2.2.1 Laser Machining 
In the past few decades, laser technology has also been successfully applied for the cutting of 
hard ceramic materials[3, 4, 12, 13].  During laser machining, the material separation may be 
accomplished through four different modes: vaporization; melt and blow; scribing; or thermal fracture 
[13]. The first two modes are energy intensive processes requiring power density in excess of 1010 W/m2. 
These high-energy processes also induce residual stresses in the material (because of excessive thermal 
heating) affecting the strength of the finished product. Laser scribing followed by mechanical breaking is 
energy efficient but does not yield good finishing due to melting and resolidification of surface material. 
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Lumley [12] is one of the early researchers who proposed the thermal fracture mode of laser 
cutting ceramics due to its low energy requirement.  Thermal gradients resulting from the absorption of 
light energy cause thermo-mechanical stresses sufficiently high to fracture the material.  Tsai and Liou[4]  
have performed a number of experiments in thermal fracture mode of cutting in alumina using the CO2 
laser.  Elperin et al.[14] proposed a thermal fracture model for scribing of glass and silicon wafers, 
wherein the wafer is heated by a laser beam and is immediately cooled by an air/water spray.  
Kondratenko [15] has patented the idea of cutting non-metallic materials by heating the substrate to 
temperatures below its softening point and cooling the heated zone subsequently to induce a blind crack.  
The blind crack then propagates to split the material apart. The effectiveness of this approach was 
demonstrated through experiments on Na-K glass. However, the patent did not discuss the type, flow, 
and pressure of coolant into the conventional laser cutting head. The patent was also limited to only glass 
materials.  
The “Controlled thermal fracture mechanism” is an energy efficient process as low-powered 
lasers, operating below the melt/ablation threshold, are utilized for localized heating of workpiece and a 
gas stream is added for cooling the heated zone, leading to fracture of sample. Unfortunately, control of 
the fracture path necessitates use of slow feed rates (~ 5-30 mm/sec, see ref[4]).  In order to improve the 
productivity, Segall and co-authors [16-18] have proposed a dual beam technique for cutting of ceramics 
where one beam causes pre-scoring of the workpiece surface while the other beam fractures the sample. 
The pre-score groove on the sample surface serves to guide the thermal stress-induced crack [17].  As 
compared to single-beam controlled fracture machining, dual beam machining produced a modest 
increase in the feed rate of alumina (~150%).  
1.2.2.2 Waterjet Machining 
Abrasive water-jet technologies have been utilized for cutting ceramic materials[19-22]. However, 
the use of high-pressure water (> 36,000 psi or 250 MPa) along with abrasives in water-jet requires special 
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pressure intensifiers and sapphire nozzles that are costly and have limited flow capacity. In addition, 
ceramic parts cut using abrasive water-jet exhibit large kerf width and poor surface roughness. Recently, 
Xu and Wang [22] have proposed controlled nozzle oscillation to improve the cut quality.  However, the 
resulting improvements are only marginal and cut quality is still inferior to that obtained by conventional 
diamond machining. 
But, contemporary non-traditional processes such as laser and water-jet which offer benefits over 
traditional processes for cutting these brittle materials also suffer from: high-power requirements (lasers 
~ 2-10 kW, water-jet ~ 1 kilobar pressure), energy inefficiency, hazardous environment (laser and water-
jet), abrasive requirements (water-jet), slow machining rates (water-jet), wear of machinery components 
(water-jet), etc. In this work, we address the issue of energy efficient and cost-effective machining of 
construction type of brittle materials at a rapid pace with the development of a novel hybrid 
Laser/Water-Jet (LWJ) manufacturing process.  
 
1.3. Hybrid Machining Technique 
Underlying hypothesis of the proposed hybrid laser/waterjet (LWJ) machining process is that 
elements of laser and water-jet machining can be synergistically combined such that material removal is 
accomplished by thermal shock assisted fracturing of material into fine fragments rather than energy-
intensive erosive wear or melting and subsequent evaporation. The LWJ process (schematically shown in 
Figure 1.4) consists of a low-power laser for precise heating of a small processing zone on the work-piece. 
The laser heating will create temperature gradient in a zone approximately equal to thermal diffusion 
depth and rapid quenching of the zone by a low-pressure water-jet will cause development of thermal 
stresses that fracture this zone. The cycle of laser heating and water cooling will produce thermal shock, a 
phenomenon associated with rapid changes in the temperature generating internal thermal stresses and 
causing the brittle material to the extent of fracture. Thermal shock fracture is facilitated by low thermal 
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diffusivity, high thermal expansion coefficient, and low tensile strength. Thermal shock fracture caused 
by non-uniform thermal expansions/contractions, is a potential method of material removal in poor 
thermal conductive materials. Ashby’s chart [37] of thermal shock resistance of all classes of materials, 
suggests that ceramics are highly susceptible to thermal shock fracture [1]. Rapid cooling rather than 
rapid heating will inflict the most of thermal shock since the induced surface stresses are tensile in nature 
during rapid cooling. The fractured debris will be washed away by the kinetic energy of the waterjet. 
 
We have developed a novel manufacturing process that utilizes synergy of laser and water-jet for 
energy-efficient machining of brittle materials. Thermal shock induced non-uniform stress field and 
consequent fracture of material is identified as the key parameter affecting this synergy. Thus, this work 
explores the fundament phenomenological questions regarding the impact of thermal gradients and 
thermal shock-induced stress fields on controlled fracture of brittle materials as well as more practical 
issues related to machining of ceramics.  
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Figure 1.1: Schematic of the hybrid Laser/Waterjet  process 
 
Accordingly, the specific aims of the work were to:  
1. Develop a mechanistic model for controlled fracture of brittle materials by thermal shock induced 
stress fields.  
2. Build a laboratory scale implementation of the hybrid laser/waterjet system. 
3. Explore the design space to identify the critical process parameters using the experimentally 
validated material removal model 
4. Experimentally validate the model predictions using machining experiments on  ceramics. 
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1.4.Ceramics considered for Machining 
1.4.1 Alumina 
Alumina or aluminum oxide is one of the most common and important industrial ceramics and 
finds application in various industries. It finds application as a substrate in electronics, as a sealing agent 
in the sanitary industry, as a insulation material in electrical engineering, as a wear resistant material in 
machine and plant construction, as a corrosion-resistant material in the chemical industry, as a protective 
tube for thermocouples used for high temperature measurements, and as a implant material in human 
medicine. Aluminum oxide is found in various grades such as 96% alumina and 99% alumina. The 
physical and mechanical properties are given in Table 1.1. Alumina has also been extensively 
experimented for machinability by thermal fracture[23-26]. 
Table 1.1: Properties of ceramics considered for machining 
 
1.4.2 Zirconia 
Zirconium oxide occurs as monoclinic, tetragonal and cubic crystal forms. Densely sintered parts 
can be manufactured as cubic and/or tetragonal crystal forms. In order to stabilise these crystal structures, 
stabilisers such as magnesium oxide (MgO), calcium oxide (CaO) or yttrium oxide (Y2O3) need to be 
added to the ZrO2. Other stabilisers sometimes used are cerium oxide (CeO2), scandium oxide (Sc2O3) or 
yttirium oxide (Yb2O3). 
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In fully stabilized zirconium oxide (FSZ – fully stabilized zirconia) the high-temperature cubic 
structure is preserved even after cooling due to the addition of the other oxides into the crystal structure. 
The increase in volume, undesirable for technical applications, does not take place in FSZ. Partially 
stabilized zirconium oxide (PSZ – partly stabilized zirconia) is of great technical significance. At room 
temperature, the substance includes a coarse cubic phase with tetragonal regions. This state can be 
retained in a metastable form through appropriate process control or annealing techniques. This prevents 
transformation of the tetragonal phase to the monoclinic phase, and the microstructure is "pre-stressed"; 
this is associated with an increase in strength and toughness. 
In polycrystalline tetragonal zirconium oxide (TZP – tetragonal zirconia polycrystal) the use of 
extremely fine initial powders, and the application of low sintering temperatures, achieves an extremely 
fine-grained microstructure. Due to its extremely fine microstructure (grain size < 100 μm) and the 
metastable tetragonal structure, this material is characterised by extraordinary high mechanical strength, 
possibly even exceeding 1,500 MPa. The very finely developed tetragonal crystal phase in PSZ and in TZP 
displays a phenomenon unique to high-performance ceramics: transformation of the tetragonal phase 
into the monoclinic phase can be prevented by pressure. When the pressure is released, e.g. through crack 
tips or internal tensile stress, the transformation then occurs. The pressure-controlled increase in volume 
involved in the metamorphosis of the crystal phases closes cracks, slowing or deflecting their growth. 
This behaviour is exploited technically, and is known as transformation reinforcement. In PSZ ceramics, 
and in particular in TZP ceramics, it leads to extremely high component strength. Depending on the 
stabilisation method, it can be exploited at application temperatures between 600°C and 1,100°C. 
Zirconium oxide ceramics are therefore favoured for use in components that are subject to high 
mechanical stress. Due to its low thermal conductivity, the ceramic has higher machinability by thermal 
fracture but the cut quality may be affected due to its high fracture toughness. 
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1.4.3 Polycrystalline Cubic Boron Nitride  
Cubic boron nitride (CBN) is the second hardest material on earth. It is advantageous over 
diamond, the first hardest material, in terms of greater thermal stability (high temperature) and chemical 
stability (less reactive to metals like iron and titanium). Due to its ultra-high hardness and high-
temperature chemical stability, PCBN tool inserts are used for machining hard cast iron, high chrome 
alloy steels, high-strength nickel superalloys, powder metal alloys and metal matrix composites [27]. 
PCBN is available in two forms: one is in the form of thin layers backed on a cemented carbide substrate 
and the other is solid cylindrical compact produced by consolidation of boron nitride powders with 
binders at high pressures and temperatures. The binders infiltrated in PCBN are either metallic (cobalt) or 
ceramic (TiN and AlN).  
Co and TiN-sintered PCBN cause the compacts to be electrically conductive, which allows 
convenient cutting of the blanks by EDM. However, a family of AlN-sintered PCBN blanks is electrically 
insulating and thus cannot be cut using EDM techniques. Waterjet cutting of blanks, a slow process, gives 
rise to wider kerf, poor surface finish and taper limiting the precision. Typically a Q-switched Nd:YAG 
laser in the fundamental mode is used to machine such PCBN blanks due to its excellent absorption 
characteristics [1]. However, this type of laser cutting removes the material through  
 
There is considerable interest in investigating novel material removal methods and mechanisms to 
overcome the deficiencies of conventional laser cutting of PCBN. Hidai and Tokura [28] investigated the 
hydrothermal-reaction assisted laser drilling of PCBN in steam environment based on measurements of 
mass loss at high temperatures. CBN film deposited on copper substrate, binder-containing sintered 
PCBN, and binderless sintered PCBN were irradiated with an Ar-ion laser in water and steam as well as 
in different gas atmospheres. Single-crystal and binderless sintered CBN reacted very well with steam 
and thus hydrothermal-reaction-assisted laser machining was effective. However the technique failed in 
binder-containing sintered CBN. Hence the substrate is chosen for LWJ experimentation. 
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1.4.4 Polycrystalline Diamond  
Polycrystalline diamond (PCD) is an excellent tool material as it incorporates high strength (~400 
MPa), high hardness (~70 GPa), and high scratch and wear (~ 10 in Mohls scale). PCD has a typical mean 
particle size from 4 to 25 µm and a density of about 3560 to 4100 kg/m³, depending on the particle size [1]. 
The orientation of the diamond grains is random and therefore the wear resistance is nearly equal in all 
directions. Cracks are likely to be discovered at grain boundaries producing local chipping but not 
complete failure [1]. PCD tools are widely used to machine engineering materials like ceramics, graphite 
epoxy composites, wood and plastics [29]. PCD micro tools are capable of achieving high machining rates 
along with producing finer surface finishes [29].   
PCD is synthesised by sintering diamond powder at high pressure and high temperature [29] with a 
binder phase. Cobalt [30] is a commonly used binder while other binder phases such as nickel[2], 
magnesium carbonate [31, 32] are also used. Typically, PCD is stable up to about 700°C [1] and removing 
the metal binder will extend the stability up to 1200°C [1]. PCD composite tools are formed by depositing 
diamond layers on carbide substrates such as tungsten carbide. While PCD offers high wear resistance 
during machining, carbide substrates offer the required toughness making the composite tools an ideal 
choice for manufacturers. However, the material removal rate by EDG reported was very low (~ 9 
mm3/hr)[33]. Harrison et al [29] has investigated laser machining of PCD composite (thin layer of PCD on 
WC substrate) using Q-switched Nd:YAG laser at an average power of 420 W at repetition rates and 
pulse duration of 3-50 kHz and 20 to 200 ns respectively. The highest machining speed obtained was 36 
mm/min. Hence, PCD is chosen for LWJ machining with an aim to improve cutting speed of the 
substrate. 
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1.5.Mathematical Model for fracture determination 
A mathematical tool has been developed to obtain a relationship between the stresses associated with 
the laser heating and waterjet cooling and the fracture characteristics of the material/workpiece. The 
stresses are obtained from the temperature distribution by uncoupled quasi-static thermoelastic analysis 
[34]. Griffith Energy calculated from the stresses is compared to the fracture characteristics to determine 
material separation.  
1.5.1 Temperature distribution 
Green’s function based approach is used to predict the temperature fields during laser and laser/water-
jet machining. Temperature distribution, T(x,y,z,t), in the workpiece is determined by modeling the laser 
and water-jet as rectangular source and sink [14], respectively as shown schematically in Figure 1.4 in 
order to simplify the analytical solutions. Transient temperature distribution are obtained by the solution 
of following diffusion equations 
( )ρ ∂ = ∇ +2p Tc k T q x, y,t ,I ,Idt h c  
)
                Eqn (1) 
where cp is the specific heat, ρ is the density of the material, T is the temperature field and q(x, y, t, Ih,, Ic) is 
the net heat input to the workpiece. The transient temperature distribution is determined using a Green’s 
function approach 
                           Eqn (2) ( ) ( )θ∞ ∞ ∞
−∞
= +∫ ∫ ∫ 0 0 , 0 h c 0 0 0 0 0 0 0
0 0
T( x, y,z,t ) q x , y t ,I ,I x,x , y, y ,z,t ,t .dy .dx .dt T
where (θ 0 0 0x,x , y, y ,z,t ,t  is the solution to the associated problem given by 
                      ( ) ( ) (ρ δ δ δ δ∂ ⎛ ⎞= ∇ + − − − −⎜ ⎟⎝ ⎠
2
p 0 0
T dc k T x x y y z t
dt 2
)0t                        Eqn (3) 
where d is the thickness of the workpiece material, Ih is the laser heat intensity (W/m2), and Ic is the 
cooling intensity (W/m2) . To find solutions to the associated problem the following boundary conditions 
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are taken into account. Convective boundary conditions are used on the top surface where both laser 
heating and cooling takes place as well as on the workpiece edges (x = ± a and y = b). Insulated boundary 
conditions are assumed on the bottom surface (z = -d/2) and on the starting edge (y = 0). The solutions 
are detailed in the chapters to follow. 
1.5.2 Stress distribution 
Non-uniform heating and cooling of the specimen leads to development of thermal stresses in the 
specimen [34]. Uncoupled quasistatic thin plate analysis is used to determine the resulting thermal stress 
fields. Since the thickness of the wafer is thin in comparison to its length and width, we use a plane stress 
assumption in the mathematical model 
      σ σ σ= = =zz xz yz0                                           Eqn (4) 
The inplane forces per unit length are Nx, Ny and Nxy and the equations of equilibrium that has to be 
satisfied are 
xyx
y xy
NN + =
x y
N N
+ =
y x
0;
0;
∂∂
∂ ∂
∂ ∂
∂ ∂
                   Eqn (5) 
We can find a stress function that can satisfy the following compatibility equation 
2 2
x xy y2 2N = ;  N = - ;   N =y y
2∂ ∂ ∂
∂ ∂ ∂ ∂
T T T
x x
                            Eqn (6) 
Using the equation of compatibility, we can arrive at 
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N                                                           Eqn (7) ∇ = −∇ TT4 2
Similarly the out-of-plane displacement, w can written as 
∇ ∇4 d 1D w = - M1- υ
2
T     Eqn (8) 
The above equations could be easily solved if T and wd could be represented by a series function as shown 
below  
∞ ∞ ⎛ ⎞ ⎛⎜ ⎟ ⎜⎝ ⎠ ⎝∑∑ mnm=1 n=1
mπx nπyT(x, y)= T cos cos
2a' 2b'
⎞⎟⎠         Eqn (9) 
Since the temperature T (from Eqn 3 ) is in the required mathematical form, the stress solution can be 
quickly obtained. The stress component (σxx) along the x axis that results in opening or closing of micro-
cracks is given in Eqn (10). Similar analysis may be utilized to calculate the other components of stress.  
 
( )( )σ αυ υ ∂ ∂= − + − +− ∂⎛ ⎞⎛ ⎞− +⎜ ⎟ ⎜⎝ ⎠ ⎝ ⎠
2 2
xx 3 2 2
d d
x T
w w1 1 12zD
ET
1 d d x
1 N N ∂ ⎟y            Eqn (10) 
where ν is Poisson’s ratio, α is the coefficient of thermal expansion, E is the young’s modulus, Nx is the in-
plane force per unit length, D is bending rigidity of the plate per unit length, wd is the out-of-plane 
displacement along z direction and NT is calculated as: 
ν ∫d/22 2m nd 2 2
m n -d/2
ω + ξw = αE z
ω +ξ
 Tdz                                Eqn (11) 
                ∫d/22nx 2 2
m n -d/2
ξN = -αE
ω +ξ
Tdz                                        Eqn (12) 
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dz
d / 2
T
d / 2
N E Tα
−
= ∫                                                    Eqn (13) 
1.5.3 Griffith Energy Computation 
The stress intensity factor KI for Mode I crack loading can be determined from the stresses by using 
Bueckner’s weight function method [35]. The weight functions for different crack lengths were computed 
using a finite element package, ABAQUS (Providence, RI). The channeling of an edge crack is a three 
dimensional process and for steady state crack extension, it is assumed that edge crack will channel at 
fixed depth, with a constant tip shape and constant release rate. Hence, driving force for a steady state 
crack growth is determined from average energy release rate over the depth of the channeling crack front 
[36].  The computed Griffith Energy is compared with materials critical energy for fracture. 
∫ ′′= a pt adaGaG 0 )(
1
                                          Eqn (14) 
 
1.6.Preview of the chapters to follow 
1.6.1 Chapter 2 
Chapter 2 details the design of the laser/waterjet system for machining of the ceramics mentioned 
in Table 1.1. The system is designed for low and high thermal conductive materials. A validation 
experiment and cut quality analysis are performed on alumina ceramic to determine the effectiveness of 
the system.  
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1.6.2 Chapter 3 
An important relationship between laser parameters and fracture characteristics are obtained in the 
LWJ machining of alumina. This graph would enable us to determine laser cutting parameters directly 
from stress intensity factors without performing experiments.  
1.6.3 Chapter 4 
The same mathematical model discussed previously is used to determine the laser cutting 
parameters from the fracture characteristics in the machining of zirconia. Experimental verification of the 
manipulated laser parameters is performed. 
1.6.4 Chapter 5 
Laser/Waterjet machining of high conductive and high strength polycrystalline diamond is 
discussed in this chapter. Additional stresses due to phase transformation of diamond to graphite helps 
in the material separation process.  
1.6.5 Chapter 6 
LWJ machining of polycrystalline cubic boron nitride is discussed in this chapter. PCBN, another 
high conductive ceramic undergoes material separation due to the additional transformation stresses 
taking place during oxidation.  
1.6.6 Chapter 7 
Future work of possible extension to other materials and profile cutting are discussed in the chapter. 
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2.1.Abstract 
A unique laser/water-jet (LWJ) cutting head has been designed, built and interfaced with CO2 
laser for cutting and scribing of hard and brittle ceramic materials. Alumina samples were used to 
validate the effectiveness of the LWJ cutting head in thermal fracture mode. Results were compared with 
vaporization mode (focused beam) as well as thermal fracture mode (defocused beam) of air-assisted 
laser cutting. Thermal fracture mode in both LWJ and air-assisted laser cutting required three to five 
times less energy input for material separation than vaporization mode. However, the quality of the cut 
surfaces of LWJ was superior to both vaporization and thermal fracture modes of air-assisted laser 
cutting in terms of kerf, recast zone, density of micro-cracks, undercutting, and spatter. The synergistic 
effects of laser and water-jet facilitated precise material separation and better cut quality through: thermal shock-
induced fracture mode of material separation rather than energy-intensive erosive wear (water-jet alone) 
or melting and subsequent evaporation (laser alone); and expulsion of cracked material with kinetic 
energy associated with the water-jet, leaving a clean cut surface.  
Keywords: Hybrid machining, laser/water-jet, ceramic cutting, thermal fracture, alumina 
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Nomenclature :- 
zonem = mass of the laser irradiated zone in the specimen, kg 
zoneq  = Rate of heat absorption by the laser irradiated zone in the specimen, J/s 
materialρ = density of the specimen material, kg/m3 
waterρ = density of water, kg/m3 
beamd = diameter of the laser beam on the surface of the specimen, m 
sT  = temperature at the surface of the specimen, K 
aT = temperature of the surrounding environment, K 
I = intensity of the laser beam, W/m2 
K = thermal conductivity of the specimen material, W/m K 
κ = thermal diffusivity of the specimen material, m2/s 
t = interaction time of the laser at a point with the specimen, s 
materialC = specific heat capacity of the specimen material, J/kg K 
waterQ = volume flow rate of the water required for cooling, m3/s 
waterC = specific heat capacity of the water, J/kg K 
pΔ = pressure differential across the inlet and outlet of the nozzle, Pa 
dC = coefficient of discharge of the nozzle, non-dimensional 
orificeA = area of the orifice, m2 
Nu = Nusselt Number, non dimensional 
Pr = Prandlt Number, non dimensional 
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2.2.Introduction 
 
In this paper, we describe the design, fabrication and testing of a novel laser cutting head that 
utilizes synergistic combination of low-power laser (≤ 200W) beam and low-pressure water-jet (≤7 MPa or 
1000 psi) for the cutting of 96% aluminum oxide (alumina). This work can be readily extended to other 
structural and electronic ceramics such as aluminum nitride, zirconium oxide, beryllium oxide, silicon 
carbide, and silicon nitride. Ceramics are widely used for a variety of applications ranging from 
microelectronics to prosthetics because of desirable properties such as: high hardness, low chemical 
reactivity, high volume receptivity at elevated temperatures, low density, low thermal conductivity, and 
ultra-fine finishing capability. Most of these applications require fast processing, tight dimensional 
tolerance and excellent surface integrity, therefore controlled processing and manufacturing becomes 
critically important. Conventionally, machining of ceramics is accomplished through processes such as 
diamond machining and grinding which suffer from: 1) difficulties in obtaining complex contours; 2) low 
material removal rate; 3) excessive tool wear; and 4) high cost. Consequently non-traditional techniques 
such as water-jet and laser cutting have emerged as potential replacements for these diamond processes.  
Abrasive water-jet technologies have been utilized for cutting ceramic materials [1-3]. However, 
the use of high-pressure water (> 36,000 psi or 250 MPa) along with abrasives in water-jet requires special 
pressure intensifiers and sapphire nozzles that are costly and have limited flow capacity. In addition, 
ceramic parts cut using abrasive water-jet exhibit large kerf width and poor surface roughness. Recently, 
Xu and Wang [1] have proposed controlled nozzle oscillation to improve the cut quality. However, the 
resulting improvements are only marginal and cut quality is still inferior to that obtained by conventional 
diamond machining. 
In the past few decades, laser technology has also been successfully applied for the cutting of 
hard ceramic materials [4-7]. During laser machining, the material separation may be accomplished 
through four different modes: vaporization; melt and blow; scribing; or thermal fracture [8]. The first two 
modes are energy intensive processes requiring power density in excess of 1010 W/m2. These high-energy 
processes also induce residual stresses in the material (because of excessive thermal heating) affecting the 
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strength of the finished product. Laser scribing followed by mechanical breaking is energy efficient but 
does not yield good finishing due to melting and resolidification of surface material. 
Lumley [5] is one of the early researchers who proposed the thermal fracture mode of laser 
cutting ceramics due to its low energy requirement. Thermal gradients resulting from the absorption of 
light energy cause thermo-mechanical stresses sufficiently high to fracture the material. Tsai and Liu [6] 
have performed a number of experiments in thermal fracture mode of cutting in alumina using the CO2 
laser. Elperin et al. [9] proposed a thermal fracture model for scribing of glass and silicon wafers, wherein 
the wafer is heated by a laser beam and is immediately cooled by an air/water spray. Kondratenko [10] 
has patented the idea of cutting non-metallic materials by heating the substrate to temperatures below its 
softening point and cooling the heated zone subsequently to induce a blind crack. The blind crack then 
propagates to split the material apart. The effectiveness of this approach was demonstrated through 
experiments on Na-K glass. However, the patent did not discuss the type, flow and pressure of coolant 
into the conventional laser cutting head. The patent was also limited to only glass materials.  
The “Controlled thermal fracture mechanism” is an energy efficient process as low-powered 
lasers, operating below the melt/ablation threshold, are utilized for localized heating of workpiece and a 
gas stream is added for cooling the heated zone, leading to fracture of sample. Unfortunately, control of 
the fracture path necessitates use of slow feed rates (~ 5-30 mm/sec, see ref [6]). In order to improve the 
productivity, Segall and co-authors [11-13] have proposed a dual beam technique for cutting of ceramics 
where one beam causes pre-scoring of the workpiece surface while the other beam fractures the sample. 
The pre-score groove on the sample surface serves to guide the thermal stress-induced crack [11]. As 
compared to single-beam controlled fracture machining, dual beam machining produced a modest 
increase in the feed rate of alumina (~150%).  
 The objective of this work is to design a hybrid laser/water-jet (LWJ) cutting head that utilizes 
the thermal fracture mode concept for cutting of ceramics. A schematic representation of LWJ process is 
presented in Fig.2.1 which consists of precise heating of a small zone on the workpiece surface using a 
low-power laser, creating a temperature gradient in a zone approximately equal to thermal diffusion 
depth. The heated area tends to expand, but is restrained by the surrounding material, leading to 
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development of high compressive stresses acting on the heated area. Subsequent rapid quenching of the 
zone by a low-pressure water-jet causes the change in the state of stress from compression to tension. 
Rapid cooling rather than rapid heating will inflict most of thermal shock since the induced surface 
stresses are tensile in nature during rapid cooling. As a result of this, micro-cracks are formed at the top 
surface of material [9]. The fractured debris, if any, is washed away by the flow of water. Depending on 
the magnitude of the tensile forces created and the fracture toughness of the material, cracks created on 
top may extend and run through the thickness of material. Along the workpiece length, the cracks follow 
the laser-water jet path as the tensile stresses are created only in the path. Consequently, material 
separation will be accomplished through controlled propagation of cracks along the length of workpiece 
and resulting cut surfaces are expected to be free of thermal damage and residual stresses. In addition, 
the LWJ hybrid process avoids the formation of liquid and gaseous phases, making it more energy 
efficient and free from hazardous emission.  
 In short, the advantages of the thermal fracture process by LWJ process are: 1) the maximum 
temperature is significantly below the melting point; 2) cut surfaces are free of large visible defects – a 
property of great significance in electronics industry; and 3) the process is environmentally benign as 
there is near zero amount of material removal. 4) Small chips formed, if any, are washed away by the 
water-jet. Thus, controlled thermal fracturing obtainable through hybrid laser/water-jet can meet the 
challenges of higher feed rate, reduced energy and improved environment in the shaping of alumina.  
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Figure 2.2.1: Schematic of Laser/Waterjet system 
 
2.3.Prototype Design of LWJ Head 
 
A unique LWJ cutting head was designed for interfacing with an existing 1.5 kW (maximum 
power) continuous wave CO2 laser with an x-y computer numerical controlled (CNC) positioning table. 
The cutting head is expected to fulfill two functions: 1) allow the laser beam to focus on the workpiece 
with a shroud of assist gas as well as direct water-jet flow on the laser heated zone; and 2) accommodate 
the process requirement that the water-jet always trails the laser beam during cutting.  
The first step in the design of the cutting head was to estimate water flow rate required for 
quenching the heated surface of ceramic materials considered: aluminum oxide (alumina), aluminum 
nitride, zirconium oxide, beryllium oxide, silicon carbide and silicon nitride. Thermal properties of the 
above-mentioned ceramics are listed in  Table 2.1 [14]. During laser heating, the expected surface 
temperature (Ts) of ceramic work-piece is estimated assuming one-dimensional heat transport in a semi-
infinite solid. 
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Table 2.2: Properties of different ceramics 
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Heat transfer calculations are performed to determine the flow rate required to cool workpiece surface 
from the heated temperature to room temperature within water-jet and sample interaction time [16]. Most 
commonly used water-jet orifices fall in the range of 0.125 mm (0.005”) to 0.375 mm (0.015”). An orifice of 
diameter 0.33 mm (0.013”) was chosen for the water-jet and pressure differential required to quench 
different ceramic materials are listed in Table 2.2. 
As shown in the table 2.2, maximum pressure differential required to cool ceramic workpiece 
surface is only 1.69 MPa (241 psi). While it appears that relatively low pressures would be sufficient to 
produce the flow required, a high range of adjustability may be desired. To achieve this, a pump was 
selected that could produce a range of pressures, 0 to 21 MPa (3,000 psi), at the unusually low flow rates 
of this system. The pump selected to meet these criteria was a pneumatically powered pump (Rhino 
3200D, Wilden Pump, Grand Terrace, CA). 
Primary function requirement of the cutting head is to direct laser beam and water-jet on the 
workpiece surface. Laser beam and subsequently water-jet have to impinge on the same location to 
induce thermal stress fracture of the workpiece surface. Therefore, the head design should ensure that 
water-jet follows the same path as the laser beam to allow machining of straight as well as curvilinear 
profiles. In addition, system constraints that include compatibility of cutting head with existing laser 
machining system and large absorption of laser light by water (about 75% [17]), require that the head 
design should be compact, compatible to existing hardware and ensure little or no interaction between 
laser beam and water. 
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Table 2.3: Waterjet calculation for different ceramics 
 
Second step was to design and fabricate a cutting head for the laser/water-jet system. The above-
stated requirements and constraints may be satisfied by two different configurations: two independent 
heads for laser beam and water-jet or a single integrated head. First configuration is conceptually simple 
to design and fabricate but poses substantial challenges for satisfying the requirements of compactness 
and compatibility with existing hardware while ensuring that water-jet follows the laser beam. Therefore, 
second configuration of a single integrated head was pursued.  
The design requirements were fulfilled by using a unique design for the cutting head assembly as 
shown in an exploded view (Fig 2.2(a)) and detailed sectional view (Fig 2.2(b)). Cutting head assembly 
consists of five components: fixed housing, bearing, rotating housing, orifice and nozzle as shown in the 
exploded view. The fixed housing is mounted on laser focusing hardware of an existing machining head. 
Nozzle and orifice are attached to the rotating housing and a roller bearing is positioned between the two 
housings such that the rotating housing can freely move with respect to the fixed housing.  
The integrated head consists of non-interfering routes for the laser beam and water-jet as shown 
in Fig 2.2(b). Laser beam and assist gas are directed to workpiece surface through the central hole while 
the water flows from the inlet port (fixed) to the exit port (rotating) through two annular passages as 
shown in Fig 2.2(b). Annular passages and roller bearing allow the cutting head to rotate smoothly 
irrespective of water pressure and accomplish the design requirement that the water-jet follow the laser 
beam during cutting. The annular passages were sealed through the use of four neoprene o-rings. The 
water entering the cutting head from the pump travels through the two annular passages and then into 
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the orifice through vertical holes. The second annular passage prevents the threads on the water-jet tip 
from having to be indexed during manufacturing. The distance between the laser spot and the water-jet 
on the surface of the material can be varied by changing the orifice angle. Aluminum was selected as an 
appropriate material to fabricate the main unit due to its light weight, cost effectiveness, relative strength 
and the ease with which the design could be manufactured.  
 
Figure 2.3.1 (a) Exploded view of Laser/Waterjet head (b) Cut section of the head 
A photograph of the completed design is shown in Fig 2.3. The bottom portion of the head is 
fabricated from brass and its photograph that indicates the laser and water passages is shown in the inset 
of Fig 2.3. As shown in Fig 2.3, the rotating housing is machined with grooves on its circumference to 
assist in interfacing of laser cutting head to third axis of CNC positioning table through a belt and pulley 
system. Numerical control of cutting head rotation will facilitate material separation along curved 
profiles. 
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Figure 2.3.2: Assembled Laser/Waterjet head 
 
2.4.LWJ Experiments of Cutting Alumina 
 
 Experiments were conducted to study the effectiveness of the LWJ system. Alumina (96%) was 
selected for these experiments as it finds many applications in microelectronic circuits and in structural 
components for aircraft, spacecraft, and automotives. Further, it is an excellent substrate material for laser 
processing and substantial literature could be easily located on laser processing of alumina [6,7].  
 LWJ cutting head was interfaced with the existing CNC controlled laser machining system. 
Cutting experiments were carried out on 96% alumina sample with a thickness of 1 mm (0.04”). In the 
first step, as-received 102 mm x 102 mm (4” x 4”) alumina samples were cut into 25 mm x 25 mm (1” x 1”) 
samples and the edges were then ground. The alumina samples were cut along the centerline to separate 
it into two parts for the validation experiments.  
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 Initial experiments with air-cooling were carried out to find out the appropriate parameter range 
that would cause thermal fracture. The effects of the following parameters are studied: power, velocity, 
spot size and air-pressure.. The parametric study was undertaken by varying the laser power from 100 W 
to 200 W and cutting speed from 8 mm/sec to 76 mm/sec. and spot size from 0.2 mm diameter to 1 mm 
diameter. The effect of air pressure was studied for two extreme limits (60 kPa (5 psi) and 207 kPa (30 
psi)) one being the minimal pressure needed to protect the laser lens from metallic and non-metallic 
vapors due to heating and the other being the maximum pressure that can be handled by the laser head 
nozzle without damage to the equipment.  
 Air-cooled thermal fracture results are used to decide the cutting parameter matrix for LWJ 
experiments. LWJ cutting experiments were carried out for one spot size,while the laser power was 
varied from 100 W to 200 W and cutting speed was varied from 8 mm/sec to 76 mm/sec. The water 
pressure is varied from 60 psi (414 kPa) to 6.30 MPa (900 psi).  
 For the vaporization mode of material separation laser beam was focused on the surface using a 
127-mm focal length lens to a spot diameter of 0.2 mm. After each cutting test, the sample surface was 
carefully examined and then grouped into three different categories: scribed, material separation, and 
uncontrolled fracture. Sample surfaces obtained from each mode are compared to evaluate the cut quality.  
 
2.5.Experimental Results and Discussion 
 
Experimental observations for all three cutting modes are plotted in terms of line energy, which 
is a combination of processing parameters (ratio of power (P) to velocity (v)). Line energy clearly 
distinguishes between different fracture characteristics obtained for the three different modes of cutting. 
As a representative example, sample fracture characteristics obtained for air-cooling under different 
powers and velocities are plotted in Fig 2.4(a). The plotted data was collected for a single spot size (0.4 
mm) and two different air pressures. It can be inferred from the graph that for a constant velocity there is 
a transition from scribing to cutting as the power increases and this trend shifts proportionally at 
different velocities. Therefore the ratio of power (P) to velocity (v) can be considered to be a single 
fracture controlling parameter rather than two independent parameters. This ratio is termed as line 
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energy and has the units J/mm. Similar observations of transition from scribing to material separation 
were observed for LWJ and vaporization mode of cutting as well. 
The focus of this paper is to investigate thermal fracture mode of material separation therefore, 
effect of spot size and coolant pressure on material separation obtained using air cooling and water-jet 
quenching are discussed first. In the later part, line energy requirements and cut surface quality are 
compared for the three modes of laser cutting. 
2.5.1 Thermal Fracture mode by air cooling 
 
 Effect of Spot Size: 
 
Fracture characteristics obtained for different spot sizes as function of line energy are plotted in 
Fig 2.4(b). As the spot size is increased, the transition from scribing to controlled fracture occurs at lower 
values of line energy. Similar observations of controlled cracking for defocused beams at larger spot sizes 
have been reported by Tsai and Liou [6]. The workpiece is more prone to damage for focused beams and 
uncontrolled fracture of the workpiece results while using focused beam of spot size diameter 0.2 mm.  
Effect of air pressure: 
Two different air-pressures were used for air-cooling. It was found that the increase of air-
pressure from 69 kPa (10 psi) to 207 kPa (30 psi) had minimal effect on the fracture conditions as shown 
in Fig 2.4(a).  
2.5.2 Thermal fracture mode by LWJ 
 
A spot size of 0.6 mm was chosen for LWJ cutting as this spot size resulted in a clear transition 
from scribing to controlled fracture for air cooling in the parameter range investigated (Fig 2.4(b)). In 
addition, the spot size of 0.6 mm ensures minimum interaction between laser beam and water-jet.  
Effect of water pressure: 
Fracture characteristics obtained for different water pressures as a function of line energy are 
plotted in Fig 2.4(c). For a fixed orifice diameter, increase in water pressure results in increased flow rate 
and correspondingly in higher convective heat transfer coefficients. Due to increased heat transfer at the 
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surface, transition from scribing to controlled fracture is observed only at higher line energy with increase 
of coolant pressure.  
 
 
Figure 2.5.1 (a): Power vs velocity in air cooled thermal fracture  (b) Effect of spot size in air cooled 
thermal fracture (c): Characteristics of cutting as a function of line energy for LWJ (d): Comparison of 
different laser cutting methods as a function of line energy 
 
2.5.3 Comparison of Line energy for different modes of cutting 
 
The line energy requirement for the three different modes of cutting namely vaporization, 
thermal fracture by air-cooling and thermal fracture by LWJ is plotted in Fig 2.4 (d). Vaporization mode 
requires the largest amount of energy input leading to P/v requirement of about 27-32 J/mm for material 
separation. In contrast, P/v requirement for controlled thermal fracture using air cooling (dry laser 
cutting) and water quenching (laser-water jet) are about three to five times less as compared to 
vaporization mode. There is a slight increase in energy requirements for thermal fracture in water 
quenching as compared to air cooling. Experimental results clearly indicate that the synergistic 
combination of laser heating and water-jet quenching led to efficient material separation through crack 
propagation as compared to conventional vaporization mode. 
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2.5.4 Comparison of Cut quality for different modes of material separation 
 
(a) Vaporization mode: 
Scanning electron microscope (SEM) images of cut surfaces were analyzed in order to evaluate 
the cut quality obtained for the three different modes of material separation. SEM images of the cut 
surface obtained for vaporization mode, thermal fracture by air cooling and thermal fracture by water 
quenching are presented in Fig 2.5(a), (b) and (c), respectively. For the vaporization mode in the Fig 2.5(a), 
a completely recast zone is seen across the whole cut surface and there is large dross attached to sample 
at the lower surface. The recast layer has a large number of micro-cracks which are expected to reduce the 
strength of cut specimen and may lead to uncontrolled fracture of specimen during machining and 
subsequent part handling [18]. 
(b) Thermal fracture by air-cooling: 
For thermal fracture caused by air cooling as shown in Fig 2.5(b), there are two distinct regions 
similar to those reported by Tsai and Liou [6]. The cut surface exhibits clean fracture with a thin undercut 
region of about 200 μm close to the top surface. Groove near the top surface is caused by the material 
vaporization during laser heating and may be termed as undercutting. Undercut region also has number 
of micro-cracks while the fracture surface is free of any cracks. Since the undercut region is only a small 
proportion of the cut surface, the separated surfaces are expected to have minimal residual thermal 
stresses compared to the conventional vaporization mode of material separation. 
(c) Thermal fracture by LWJ: 
For thermal fracture caused by water quenching shown in Fig 2.5(c), the cut surface shows a 
clean fracture with no recast zone or undercut zone. Cut surface is free of any micro-cracks and 
consequently, specimen strength will not be compromised by the cutting process [18]. The dark areas in 
the Fig 2.5(c) are due to contamination of cut surfaces by minerals found in water. A chemical analysis of 
the contaminated and the uncontaminated areas was performed to identify the effect of water quality 
used during the cutting processes. The uncontaminated region shows mostly aluminum and oxygen, the 
primary constituents of alumina. The contaminated region shows potassium, calcium, sodium, chlorine – 
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the basic constituents of minerals found in tap water used in the water-jet during the current experiments. 
Use of pure water may alleviate the contamination problem for sensitive applications.  
 
Figure 2.5.2 Cut cross-section in (a) melt & blow cutting (b): Air cooled thermal fracture (c): 
Laser/Waterjet cutting 
 
Kerf widths for the two thermal fracture modes were also determined to compare the cut-quality 
obtained from each process. SEM images of the specimen surfaces cut using thermal fracture mode due to 
air cooling and water-quenching are presented in Fig 2.6(a) and (b), respectively. In air-cooled thermal 
fracture mode, a large kerf width is seen. In both cases of thermal fracture, crack path on the top surface is 
surrounded by a heat affected zone (HAZ). The HAZ zone is about 600 μm for air-cooled thermal fracture 
while it is only about 100-200 μm for water-quenched thermal fracture (LWJ).  
 
Figure 2.5.3 (a) Top view of the cut path in air cooled thermal fracture and (b): in LWJ cutting 
 
In both cases of thermal fracture mode of cutting, there was not any significant improvement in 
the cut quality for increase in air pressure or water-jet pressure but in LWJ, higher water pressures 
resulted in higher power consumption and did prevent uncontrolled fracture.  
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In the case of abrasive water-jet cutting [1, 19], kerf width is very large (approximately 1300 μm, 
calculated from the figure shown in [19]) and cut surfaces are uneven. Conventional grinding processes 
lead to sub-surface damages due to grain dislodgement and action of shear forces [20]. Using laser alone 
for material separation through either vaporization or air-quenched thermal fracture leads to significant 
HAZ, residual thermal stresses and micro-cracks on the cut surfaces. In contrast, LWJ results in efficient 
material separation with small kerf widths and cut surfaces that are free of residual thermal stresses and 
micro-cracks. Experimental results presented in this study clearly demonstrate the advantages of hybrid 
laser/water-jet method over laser-alone and water-jet alone for machining ceramics.  
 
2.6.Conclusions 
 A laser-water jet cutting head was designed, fabricated and integrated with an existing CNC 
laser system for machining hard and brittle materials such as ceramics. Cutting experiments were 
conducted on alumina to demonstrate the effectiveness of LWJ cutting head. Experimental results 
showed that laser/water-jet machining utilized the synergistic effects of laser and water-jet for material 
separation through controlled thermal fracture and required three to five times less energy input than 
conventional vaporization mode but in comparison to air cooled thermal fracture mode, LWJ material 
separation required more energy input. The quality of the cut surface was better in LWJ than those 
obtained from the conventional laser vaporization mode and air cooled thermal fracture mode of material 
separation in terms of kerf, recast zone, under-cutting, and presence of micro-cracks.  
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3.1.Abstract 
 
A combined experimental and analytical approach is undertaken to identify the relationship 
between process parameters and fracture behavior in the cutting of 1 mm thick alumina samples by a 
hybrid CO2 Laser/WaterJet (LWJ) manufacturing process. In LWJ machining, a 200W power laser was 
used for local heating followed by waterjet quenching of the sample surface leading to thermal shock 
fracture in the heated zone. Experimental results indicate three characteristic fracture response: scribing, 
controlled separation, and uncontrolled fracture. A Green’s function based approach is used to develop 
an analytical solution for temperatures and stress fields generated in the workpiece during laser heating 
and subsequent waterjet quenching along the machining path. Temperature distribution was 
experimentally measured using thermocouples and compared with analytical predictions in order to 
validate the model assumptions. Computed thermal stress fields are utilized to determine stress intensity 
factor and energy release rate for different configuration of cracks that caused scribing or separation of 
the workpiece. Calculated crack driving forces are compared to fracture toughness and critical energy 
release rates to predict: the equilibrium crack length for scribed samples; and the process parameters 
associated with transition from scribing to separation. Both of these predictions are in good agreement 
with experimental observations. An empirical parameter is developed to identify the transition from 
controlled separation to uncontrolled cracking because the equilibrium crack length based analysis is 
unable to predict this transition. Finally, the analytical model and empirical parameter are utilized to 
create a map that relates the process parameters to fracture behavior of alumina samples.  
Keywords: 
CO2 Laser/Waterjet (LWJ) machining, thermal shock, alumina, fracture, crack propagation, ceramic 
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3.2.Introduction 
 
Structural ceramics such as alumina (aluminum oxide) are widely used for a variety of 
applications ranging from microelectronics to prosthetics because of desirable properties such as: high 
hardness, low chemical reactivity, high volume receptivity at elevated temperatures, low density, low 
thermal conductivity, and ultra-fine finishing capability. Traditional cutting methods for structural 
ceramics are limited by their brittleness, high hardness and low thermal expansion, leading to: increased 
vulnerability to workpiece fracture; significance loss of workpiece material; tool failure; difficulty in 
achieving the design requirements of high precision and excellent surface integrity; and need for regular 
maintenance due to wear [1-7].  
It is crucial to develop novel machining processes that can fabricate ceramic parts at a relativity 
high rate, while eliminating the fractures and breakages associated with current manufacturing methods 
[2, 3]. CO2 laser cutting is an accepted industrial technique for producing useful shapes in ceramics such 
as alumina due to its localized heating effect and non-contact nature over mechanical methods. However, 
it does not necessarily preclude damage and/or fracture of the workpiece due to uncontrolled cracking.  
CO2 laser cutting of ceramics can be accomplished by three different methods: 1) melting and 
evaporation where the melt layer is blown off by a high-pressure (80 to 90 psi) gas stream; 2) partial 
evaporation to form a deep groove followed by applying a mechanical force or ultrasonic energy to break 
the material; and 3) controlled thermal stress fracture where the laser energy produces thermal stress 
causing the material separation similar to a crack extension. The evaporation/melting mode of material 
removal requires extreme power lasers (> 500 W), leading to collateral thermal damages such as residual 
stresses, heat affected zone, recast layer, uncontrolled fracture etc [5, 7, 8].  Mechanical score and snap 
methods also result in surface damage such as micro-cracks and residual stress etc. In contrast, controlled 
thermal stress fracture mode of material removal can be achieved at low powers (15-20 W) but suffers 
from slowness and narrow range of process parameters.  
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Thermal shock fracture of brittle materials has been investigated for the last few decades. Lumley 
[9] was one of the earliest researcher to demonstrate controlled thermal fracture of glass specimens using 
lasers. Controlled thermal shock fracture mechanism is an energy efficient process as low-powered lasers 
operating below the melt/ablation threshold are utilized for localized heating of workpiece and a gas 
stream is added for cooling the heated zone, leading to fracture of sample. Tsai and co-workers [10, 11] 
have demonstrated thermal shock fracture mode for cutting alumina substrates. It was also observed that 
larger spot sizes helps in the increase of cutting speed as well as cut quality over traditional machining 
processes. Unfortunately, control of the fracture path necessitates use of slow feed rates (~ 5-10 mm/sec) 
(see refs [10, 11]). In addition, the scattering errors associated with the process often promote 
uncontrolled crack propagation. Segall and co-workers have reported a dual-beam laser cutting process 
where one beam causes pre-scoring of the workpiece surface while the other beam fractures the sample 
[12]. Pre-score groove on the sample surface serves to guide thermal stress-induced crack. As compared 
to single beam controlled fracture machining, dual-beam machining produced a modest increase in the 
feed rate in the cutting of alumina (~150%) [12].  
Previous analysis of alumina fracture during laser cutting have primarily relied on finite element 
analysis for prediction of thermal stresses [10, 13-15] and localized melting in the workpiece has been 
modeled through removal of nodes in the region where the temperature exceeded the alumina melting 
temperature [13, 15]. Experimental observations of workpiece fracture is explained either by comparing 
the computed maximum tensile stress to alumina strength [10, 13, 14] or through empirical probabilistic 
measures based on computed stress fields [15]. These approaches are primarily suitable for analysis of 
experimental observations and may not be suitable for identifying processing conditions for controlled 
cutting of alumina workpiece.  
A combined experimental and computational approach is utilized to analyze crack propagation 
in alumina workpiece during Laser/Waterjet (LWJ) machining. A novel approach of combining laser and 
waterjet (LWJ) (see Fig 3.1) was developed and proof-of-concept studies on cut quality and energy 
efficiency in machining alumina were reported in our previous publications [5, 7]. The laser heating 
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creates temperature gradient in a zone approximately equal to thermal diffusion depth and rapid 
quenching of that zone by the waterjet develops thermal stresses that fracture this zone. As a result, LWJ 
machining allows higher feed rates and cleaner cuts. In addition, it avoids the formation of liquid and 
gaseous phases, making the cutting process more energy efficient and free from hazardous emission.  
In this work, cutting experiments are conducted to identify typical process parameters that 
correspond to scribing, controlled separation, and uncontrolled fracture of the workpiece. An analytical 
model is developed for determining the transient temperature and stress distribution during laser heating 
and subsequent water-jet quenching. Measured thermal histories of samples during LWJ cutting are 
compared with model predictions to validate the thermal analysis and modeling assumptions. 
Experimentally validated model is used to compute driving forces for two different crack configurations : 
(i) plane strain crack: a single dominant crack aligned with the through-thickness direction [16] and (ii) 
channeling: crack aligned along the cutting direction [17, 18]. Crack driving forces are compared to 
fracture toughness of alumina to obtain a relationship between process parameters and workpiece 
fracture characteristics. 
 
Fig 3.1: Schematic representation of Laser/Waterjet system 
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3.3.Experimental Procedure 
 
Square plates of 96% alumina that were 100 mm Χ 100 mm Χ 1 mm in dimensions were purchased 
from Coorstek, (Golden, CO, USA) and samples of 25 mm Χ 25 mm were prepared for LWJ cutting 
experiments. Two different experiments are performed on alumina samples: first set of experiments were 
used to determine the processing parameters that correspond to controlled separation and second set of 
experiments were used to record temperature history of specimens during laser water-jet machining. A 
simple fixture was fabricated to hold the samples such that the area directly below the cutting path is not 
in contact with metallic surfaces to minimize heat transfer at the bottom surface (Fig 3.2). The details of 
the hybrid laser water-jet cutting system are described in a previous publication [5].  
 
Fig 3.2 Schematic representation of the fixture with the workpiece in position during machining. 
Inset shows the thermocouple measurement points for recording the temperature history 
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3.3.1 Experiments on Machining of Alumina  
 
LWJ experiments were conducted to investigate the effect of two process parameters – line energy 
(Laser energy per unit cutting length) and surface energy density (Laser energy per unit surface area) – 
on fracture behavior of alumina samples. Different values of process parameters were achieved by 
varying the laser power from 100 to 200 W and cutting speed from 25 to 50 mm/s (60 to 120 inch/min) 
and using two different laser spot sizes (0.6 mm (defocused beam) and 0.2 mm (focused beam)). Other 
process parameters such as water pressures, distance of separation between the heating and the cooling 
zone, and water-jet nozzle size were set at 2 MPa, 1.3 mm and 0.3 mm, respectively. 
 
3.3.2 Thermal History of Alumina Samples during LWJ cutting 
 
Thermocouples were attached to alumina samples at offset distances of 1 mm, 2 mm, and 3 mm 
from the laser path (as schematically shown in the inset of Fig 3.2) to record temperature history during 
laser/water-jet cutting. The temperature was measured using K-type thermocouples with 0.8 mm head 
diameter (Omega, PA) suitable to measure temperatures up to 1250°C. A data acquisition system was 
used to record the temperature at a time interval of 0.5 s during the LWJ cutting. 
 
3.4.Thermal Stress and Crack Driving Force Calculation 
 
An analytical model is developed to predict the temperatures and stress fields in alumina samples 
undergoing laser/water-jet machining. Computed stress field are subsequently used to obtain a 
relationship between the process parameters and driving forces for different configurations of cracks that 
lead to cutting/scribing of workpiece. 
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3.4.1 Analytical solution of temperature and stress fields  
Temperature distribution, T(x,y,z,t), in the workpiece is determined by modeling the laser and 
water-jet as rectangular source and sink [19], respectively as shown schematically in Fig 3.3 in order to 
simplify the analytical solutions. Transient temperature distribution are obtained by the solution of 
following diffusion equations 
( )
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   Eqn (1)  
where cp is the specific heat of the material, ρ is the density of the material, k is the conductivity of the 
material, q(x,y,t,Ih,Ic) is the total heat input, Ih is the heating intensity of the laser beam and Ic is the cooling 
intensity of the water-jet,  is the Heaviside function, v is the velocity of the cutting head hx, cx, hy, cy are 
the half lengths of the heating and cooling zones along x and y direction respectively and l0 is the 
separation distance between the laser spot and the waterjet cooling zone on the surface of the workpiece. 
Elperin et al. [19] have previously reported an analytical solution for the temperature field using an error 
function representation that provides an elegant solution but leads to complicated and cumbersome 
expressions in calculation of thermal stress distributions. In order to simplify the thermal stress 
calculation, we have used an  Eigen function expansion for solution of temperature fields.  
H
Both the laser heating and waterjet cooling occurs on the top surface, and hence the convective 
heat transfer boundary conditions are used for the top surface. Insulated boundary conditions are used at 
the bottom surface. Convective heat transfer boundary conditions are used for all the side surfaces except 
y = 0 mm (starting edge) which is modeled as an insulated surface to simplify the analytical solution. As a 
result, initial and boundary conditions for the heat flow are:  
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The transient temperature distribution is determined using a Green’s function approach 
           Eqn (3) 
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           2p 0 0
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 Eigen function expansions along x, y, z coordinates are utilized to determine the series representation of 
green’s function θ. 
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where ωn, ξm, ψl are the  Eigen values along x, y, z directions κ is thermal diffusivity. 
Non-uniform heating and cooling of the specimen leads to development of thermal stresses in the 
specimen [20]. Uncoupled quasistatic thin plate analysis is used to determine the resulting thermal stress 
fields. For the sake of brevity, only the stress component (σxx) along the x axis that results in opening or 
closing of micro-cracks is discussed. Similar analysis may be utilized to calculate the other components of 
stress. Normal stress along x axis of free plate subjected to the temperature distribution, T(x,y,z,t) is: 
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          Eqn (6) 
where ν is Poisson’s ratio, α is the coefficient of thermal expansion, E is the young’s modulus, Nx is the in-
plane force per unit length, D is bending rigidity of the plate per unit length, w is the out-of-plane 
displacement along z direction and NT is calculated as: 
d / 2
T
d / 2
N E Tα
−
= ∫                          Eqn (7) 
The in-plane forces per unit length are determined from the in-plane equilibrium equations while the out-
of–plane displacement field is determined from equilibrium of moments and out-of-plane forces.  
  
Fig 3.3: Orientation of the axes with respect to the workpiece. Y- axis represents cutting direction 
 
 The thermo-mechanical analysis of Laser/Water-jet machining is based on the following assumptions: 
physical and thermal properties of materials and surface heat transfer coefficients are assumed to be 
independent of temperature and uncoupled quasistatic thermoelasticity are used to describe material 
response. In addition, only a small volume of material is expected to undergo melting, evaporation and 
resolidification during LWJ machining and it is assumed that this small volume has a minimal influence 
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on thermal stress development in rest of the specimen. Consequently, the process of material melting, 
evaporation and solidification are not included in this analysis. 
 
3.4.2 Computational Procedure for crack driving forces  
During LWJ machining, laser irradiation not only heats the surface but also causes localized damage 
that results in crack nucleation and propagation during the waterjet quenching. Laser-induced damage 
can result into two possible crack configurations — edge crack towards center of plate or channeling 
crack along the surface — schematically represented in Fig 3.4. LWJ machining is represented through a 
two step analysis: 1) at the beginning of the cut when there are no pre-existing cracks in the workpiece, 
plain strain analysis of edge crack is utilized to approximate the initial cut depth; and 2) subsequent 
analysis of the channeling crack is utilized to approximate the propagation of the initiated cut along the 
laser path.  
Thermal stress fields are used to compute the crack driving forces corresponding to different crack 
lengths for both crack configurations. The stress intensity factors for plane strain edge cracks are 
calculated using the weight function method for Mode I loading of crack in the x-z plane [21]. The weight 
functions for different crack lengths were computed using a finite element package, ABAQUS 
(Providence, RI).  
The channeling of an edge crack is a three dimensional process and for steady state crack extension, it 
is assumed that edge crack will channel at fixed depth, with a constant tip shape and constant release rate. 
Hence, driving force for a steady state crack growth is determined from average energy release rate over 
the depth of the channeling crack front [17].  
∫ ′′= a pt adaGaG 0 )(
1
            Eqn (8) 
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The stress intensity factor calculated for plane strain cracks are used in above equation to compute the 
energy release rate for channeling cracks of different depths. 
 
Fig 3.4 (a): Plane strain cracking                     (b): Crack Channeling 
 
3.5.Experimental Results 
 
Fig 3.5 (a): Photographs of scribing (left), (b): controlled (center) and (c): uncontrolled fracture (right). 
The samples obtained from cutting experiments were categorized on the basis of observed fracture 
response into scribing, controlled separation, and uncontrolled fracture as shown in the Fig 3.5. Fracture 
behavior at different line-energy (laser energy per unit length) inputs is plotted in Fig 3.6(a) for the two 
laser spot sizes. Cutting experiments with focused spot size of 0.2 mm results in uncontrolled cracking for 
high line energy values and controlled separation or scribing for only a narrow range of line energy 
values. In contrast, 0.6 mm spot size resulted in controlled separation over a wide range of line energy 
values and a sharp transition from scribing to controlled separation at a line-energy value of 4.00 J/mm. 
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Observed fracture behavior are also plotted as a function of surface energy density (laser energy per unit 
irradiated area) in Fig 3.6(b). At lower values of surface energy density samples either undergo scribing 
or controlled separation but at larger magnitudes of surface energy density, samples undergo 
uncontrolled cracking. These experiment results indicate that both line-energy and surface energy density 
are important parameters in determining controlled separation of alumina samples undergoing LWJ 
machining. Thus, line-energy determines the transition from scribing to fracture for larger spot sizes 
while the surface energy density determines the transition from controlled cracking to uncontrolled 
cracking. 
Depth of crack induced in the scribed samples during LWJ machining was also measured to 
compare with theoretical predictions of crack growth. For this purpose, a low surface tension dye was 
applied and allowed to dry on the top surface. Subsequently, the samples were broken along the scribed 
crack and examined with the help of scanning electron microscope (SEM). Typical SEM images of cracked 
samples scribed at low (3 J/mm) and high line energy values (4 J/mm) are presented in Fig 3.7(a) and (b), 
respectively. The dye covered surfaces appear darker than uncovered alumina surfaces due to a 
difference in atomic numbers and hence can be used to identify the scribed crack depth. In the samples 
scribed at low line energy values, dye penetration and depth of scribed crack is consistently found to be 
less than 100 μm or less than 10% of sample thickness (Fig 3.7(a)). In the samples scribed at high line 
energy values, maximum dye penetration is found to be approximately 600-700 μm or about 60-70% of 
sample thickness. For the deeper cracks dye seems to have flown along the crack in form of fingers which 
may be attributed to the small crack opening to depth ratio. Hence, we have approximated the scribed 
crack depth at high line energy values to be the maximum dye penetration at about 60-70% of sample 
thickness. 
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Fig 3.6(a): LWJ cutting of alumina for different spot sizes at 2.07 MPa water pressure (b): LWJ cutting 
results at 2.07 MPa water pressure 
 
Representative temperature histories recorded at points that are at distances of 1 mm and 2 mm from the 
cutting line during LWJ machining at laser power of 150 W, spot size of 0.6 mm and cutting velocity of 
29.6 mm/s (70 inch/min) are plotted in Figs 8(a) and (b), respectively. Temperature values measured at 
opposite sides of laser path match each other within ± 2°C. 
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Fig 3.7: SEM image of dye penetration in broken scribed specimens (a): low line energy scribing (b): high 
line energy scribing. 
 
 
3.6. Analytical Predictions and Discussion 
 
3.6.1 Temperature and thermal stress distributions 
Transient temperature and stress distributions in the alumina specimen were evaluated for a range of 
process parameters. In the analytical model, quantities such as specimen dimensions, cutting velocity, 
laser spot size, water-jet area, separation between laser beam and water-jet were chosen to exactly match 
the experimental conditions. Material properties used for alumina specimen are given in Table 1 and are 
assumed to be temperature independent. Intensity of the heat flux incident over laser spot was 
determined from:  
       h s 2
4PI a
bπ=                                Eqn (10) 
where P represents laser power, b represents the diameter of the laser beam spot used in LWJ machining, 
and as represents the absorption coefficient for the alumina specimen. Alumina is known to exhibit high 
absorption of CO2 laser radiation (on the order of 95%) [22, 23]. It was assumed that as = 0.72 i.e. 72% of 
the laser incident energy is absorbed in the sample based on approximating 5% losses in the laser optics 
and 20% losses due to the presence of water vapor and 95% absorbance of CO2 laser beam at 10.6 μm 
wavelength for alumina  
                              
 56
In the numerical model, waterjet quenching of the laser heated area is approximated using a heat sink 
along with convective cooling over the top surface because the large temperature variation over the 
sample generates non-uniform convection involving both forced convection due to water flow as well as 
pool boiling over the cutting path (water vapor/mist formation was observed during the experiments). 
The cooling intensity of heat sink and convection heat transfer coefficient were estimated using the 
following two assumptions: 1) waterjet quenching will rapidly reduce the temperature of laser heated 
area to room temperature; and 2) flow of water over the sample will result in forced convection (with 
coefficient value between 50 – 20,000 W/m2K [24, 25]. In addition, analytical predictions were compared 
against measured temperature histories to obtain the effective sink intensity and heat transfer coefficient 
over the surface.  
Temperature distribution is computed for a finite area of 0.04m X 0.1m for the boundary conditions 
mentioned in Eqn (3), using 50  Eigen values along x and z axis and 400  Eigen values along y axis. 
Number of  Eigen values along each direction was chosen on the basis of numerical convergence studies 
to ensure that increase in the number of  Eigen values produces an insignificant change in the predictions 
of maximum tensile stress on the surface during waterjet quenching. Comparison of numerical 
predictions for different combinations of laser power and cutting velocity showed that the predicted 
temperature and thermal stresses were approximately same for a fixed line energy value. Hence for the 
sake of brevity, all the results are presented as a function of line energy rather than different laser power 
and cutting velocity values. 
Predictions at 1 mm from cutting path for three different cooling intensities and convective heat 
transfer coefficients are compared with experimental measurements during LWJ machining at line energy 
of 5 J/mm for a spot size of 0.6 mm in Fig 3.8(a). Case A corresponds to a cooling intensity (Ic) of 25 x 106 
W/m2 and convective co-efficient of 10 x 103 W/m2K, Case B corresponds to a cooling intensity (Ic) of 25 x 
106 W/m2 and convective co-efficient of 6 x 103 W/m2K and Case C corresponds to a cooling intensity (Ic) 
of 50 x 106 W/m2 and convective co-efficient of 10 x 103 W/m2K. 
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Fig 3.8: Comparison of experimental measurements and numerical prediction of temperature during LWJ 
machining: (a): Temperature measured at 1 mm from cutting path (markers) and numerical predictions 
(b) Measured temperature and numerical predictions (curve A) at 2 mm offset from cutting path. 
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A comparison of the three curves reveals that heat transfer coefficient determines the peak 
temperatures while cooling intensity determines the rate of cooling during the quenching process. Best 
approximation of the experimental data is achieved in case C but this choice of cooling intensity results in 
quenching of material on the cutting path to temperatures significantly below the waterjet temperature. 
As a result, value of cooling intensity in Case A was chosen to approximate the LWJ machining for line 
energy of 5 J/mm because it ensures quenching of material on the cutting path to room temperature and 
produces reasonable agreement to the experimentally measured temperature at distance of 1 mm and 2 
mm from the cutting path as shown in Figs 3.8 (a) and 3.8(b), respectively. 
 
Table 3.4: Properties of Alumina used in the analysis 
Density 
(kg/m3) 
Thermal 
Conductivity 
(W/mK) 
Specific Heat 
Capacity (J/kgK) 
Young’s 
Modulus (GPa) 
Thermal 
Coefficient of 
Expansion (/K) 
3720  5  1320  330  8.5 x 10-6   
 
Similar procedure was utilized to identify the cooling intensity that approximates the waterjet quenching 
at other line energy values. Predictions of temperature history at a point along the cutting path 
corresponding to two different line energy values (3.9 and 5 J/mm) are plotted in Fig 3.9(a). The peak 
temperatures are predicted to be higher than the melting temperature as the model considers conduction 
only. Phase transformations in the form of melting, vaporization, and resolidification are ignored in this 
analysis and as a result peak temperature predictions for points along the laser path are higher than 
vaporization temperature. It is appropriate to note that our main focus will remain in the prediction of 
tensile stresses which occurs during cooling rather the compressive stresses during heating and hence the 
melting and vaporization effect can be ignored. Also, the size of such high-temperature zones are small (~ 
70 μm) and are shown in the experimental results discussed in ref [5]. However, these very high 
temperatures do not affect the calculation of crack driving forces and subsequent conclusion. It is 
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important to note that peak temperatures and associated compressive stresses does not influence the 
tensile stresses generated during water-jet quenching, and hence our assumption of ignoring phase 
transformations is justified and our model successfully captures the essential mechanisms governing 
material separation during LWJ machining. 
Predictions of in-plane stress component, σxx, for LWJ machining at line energy of 3.9 J/mm at top, 
middle and bottom surface at a point along the laser path are plotted in Fig 3.9(b). Arrival of laser spot on 
the top surface leads to rapid heating and development of compressive stresses. Quenching of the laser 
heated area with the waterjet results in development of large tensile stresses on the top surface while the 
middle and bottom surface are relatively unstressed. Through-the-thickness stress distribution at the 
instance of maximum tensile stress on top surface is plotted in the inset shown in Fig 3.9(b). This large in-
plane tensile stress will result in propagation of cracks that lead to scribing or splitting of the specimen.  
Our solution approach for both temperature and stress calculation relies on summation of Eigen 
functions for temperature and stress computations. Number of Eigen values along each direction was 
chosen on the basis of numerical convergence studies to ensure that increase in the number of Eigen 
values produces an insignificant change in the predictions of maximum tensile stress on the surface 
during waterjet quenching. Eigen function expansion provides a simple form for the temperature and 
stresses but suffers from very slow convergence in resolving large gradients associated with changes in 
sign of surface heat flux from laser heating to waterjet cooling. The slow rate of convergence leads to 
wavy profile for the temperature between the laser heating and subsequent cooling. Increasing the 
number of Eigen functions in the temperature and stress calculations lead to smoother curves but leads to 
extremely large computational times. However, the increase in Eigen values has no effect on the 
magnitude of maximum tensile stress that occurs away from this undulating profile. Since the focus of 
this paper is to determine the crack propagation driven by the maximum tensile stress, convergence 
studies were based on the magnitude of maximum tensile stress rather than the shape of overall 
temperature curves. 
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3.6.2 Crack driving forces 
Predicted stress histories were used to calculate the driving forces for plane strain and channeling 
cracks configurations. Crack driving forces reach the maximum at the instant when the top surface is 
subjected to maximum tensile stress during waterjet quenching (shown in Fig 3.9(b)). The computed 
stress intensity factors for plane strain cracks at that instant are plotted as a function of crack length for 
four different processing parameters in Fig 3.10. Computed energy release rates for channeling cracks are 
plotted as a function of crack depth for the same processing conditions in Fig 3.11. First three predictions 
correspond to LWJ machining with a laser spot size of 0.6 mm and line energies of 3.0, 3.9, and 5.0 J/mm, 
respectively. First two line energy line values resulted in scribing while the third case corresponds to 
controlled separation of alumina specimens. The fourth prediction corresponds to LWJ machining with 
spot size of 0.2 mm and line energy of 5.0 J/mm which results in high surface energy density (33 J/mm2) 
and uncontrolled cracking. In all the cases, stress intensity factor (KI) and energy release rates (G) are 
highest for cracks that are approximately 0.1 times the thickness due to the large tensile stresses induced 
on the top surface during quenching. KI and G rate decreases as the crack becomes longer and reach a 
minimum for cracks that are roughly 0.5 to 0.6 times the thickness due to the compressive stresses 
induced in the middle portion of material (Fig 3.9(b)). In addition, increase in both line energy and 
surface energy density leads to increase in computed values of KI and G. For the same line energy value, 
LWJ machining with smaller spot size results in higher values of KI and G for cracks shorter than 0.4 times 
the thickness.  
Numerical predictions of KI and G are also compared to alumina’s fracture toughness (KIc) and 
critical energy release rate (Gc) in Figs 10 and 11, respectively, in order to estimate the cut depth at the 
start of LWJ machining as well as the equilibrium depth of the channeling crack for each processing 
condition. As shown in the Fig 3.10, KI for cracks shorter than 0.25 to 0.45 times the thickness is larger 
than KIc of alumina for the given range of line energy values. Thus, the initial cut depth will be in the 
range of 0.25 times to 0.45 times thickness. In addition, G for channeling cracks of these depths is higher 
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than Gc for the processing parameters considered in Fig 3.11, therefore the initial cracks are expected to 
propagate along the laser path. However, these predictions of cut depth are most appropriate for 
machining situations where laser irradiation-induced damage is only confined to the top surface of the 
specimen. These predictions cannot be directly compared to experimental observations of through-cuts 
where laser radiation is incident over the specimen boundary resulting in damage and subsequent 
cracking across the whole thickness during waterjet quenching. As a result, equilibrium depth of a 
channeling crack is most appropriate for determining the LWJ induced cut depth in the current 
experiments. 
 
Fig 3.9 (a): Temperature plot at x = 0 m, and y = 0.004 m at various line energies. (b): Stress plot at x = 0 m, 
and y = 0.004 m at various z with the inset showing the stress across the thickness. 
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Fig 3.10: KI at various a/w (a ≡ crack length and w ≡ thickness) ratios 
 
The maximum value of G increases with increase in line energy (P/v) for a fixed spot size of 0.6 mm 
as shown in Fig 3.10 and 11 respectively (see controlled fracture (P/v = 5 J/mm) and scribing (P/v = 3.9 
J/mm, & P/v = 3.0 J/mm)). At line energy values lower than 3.0 J/mm, G for all crack length is lower 
than Gc hence scribing with crack depth less than 0.1 times the thickness is observed (see Fig 3.7(a)). For 
line energy values between 3.0 J/mm to 3.9 J/mm, G for short cracks is greater than Gc but for cracks 
approx 0.6 times the thickness G is lower than Gc and as a result, scribing with crack depth 0.6 time the 
thickness is observed. As the line energy values are further increased, the G value for all crack lengths 
becomes greater than Gc resulting in channeling of through-the-thickness cracks or material separation. In 
order to verify this hypothesis, magnitudes of predicted minimum G for channeling cracks are plotted as 
a function of line energy in Fig 3.12 for a fixed spot size of 0.6 mm. Comparison of the magnitude of 
minimum energy release rate to range of Gc indicates that transition from scribing to material separation 
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should occur for line energy value between 3.4 to 4.4 J/mm. During the cutting experiments, the 
transition from scribing to material separation is observed at line energy value of 3.9 J/mm and this 
excellent agreement between numerical predictions and experimental observations validates the 
hypothesis. Thus, the magnitude of minimum energy release rate may be used for predicting the 
transition from scribing to material separation during LWJ machining. 
 
Fig 3.11: G curve at various a/w (a ≡ crack length and w ≡ thickness) ratios 
During material separation, the transition from controlled separation to uncontrolled cracking 
depends on the surface energy density. As seen in Fig 3.11, the G for shorter cracks (smaller a/w) is much 
larger in the case of high surface energy density (“Uncontrolled fracture (33 J/mm2)). Previous work [26] 
on stability of crack path has shown that increase in driving forces can result in transition from single 
straight crack to undulating and branched crack propagation. In addition, the extent of surface damage 
during laser irradiation is expected to scale in proportion to surface energy density. Therefore, the 
increase in surface damage and larger driving forces for smaller cracks are expected to result in transition 
from controlled separation to uncontrolled cracking. Based on the experimental observations, surface 
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energy density of 33 J/mm2 is identified as the critical value at which transition from controlled 
separation to uncontrolled cracking takes place.  
 
Fig 3.12: Minimum energy release rates plotted as a function of line energy for spot size of 0.6 mm. 
Number of numerical simulations of LWJ machining at different line energy and surface energy 
values are carried out to create a map shown in Fig 3.13 that relates process parameter to expected 
fracture characteristics of alumina specimens. Minimum G for channeling cracks are used to identify the 
transition from scribing to material separation and critical value of surface energy density is utilized to 
predict transition from controlled separation to uncontrolled cracking. Line energy values greater than 30 
J/mm will result in “melt and blow” mode of material separation in alumina [24] and hence are the upper 
limit of line energy values in LWJ machining. Experimental observations at laser spot sizes of 0.2 and 0.6 
mm and numerical predictions at spot size of 0.4 mm are also plotted on the process map. The process 
map will serve as a useful tool for identifying appropriate LWJ parameters for cutting or scribing of 
alumina. 
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Fig 3.13: Graph relating process parameters and fracture characteristics [27] 
 
3.7. Conclusions 
The analytical model and experimental results presented in the paper clearly demonstrate that 
fracture mechanics based approach can be used to design hybrid machining processes for brittle materials. 
A hybrid laser/waterjet machining process is investigated for cutting alumina specimen. Cutting 
experiments were conducted to observe fracture characteristics of alumina samples. Numerical model 
were developed to predict temperature, stress field and driving forces for cracks that results in scribing 
and separation of workpiece. Comparison of experimental and numerical results indicated that critical 
value of driving force for channeling cracks determines the transitions between scribing to material 
separation whereas a critical value of surface energy density determines the transition from controlled 
separation to uncontrolled cracking of the workpiece. Based on these observations, a map is created to 
relate process parameters to fracture characteristics of alumina specimens.  
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4.1. ABSTRACT 
 
 Conventional machining of yittria partially stabilized zirconia (Y-PSZ) is difficult and time 
consuming due to its high strength and fracture toughness.  A non-traditional hybrid laser/water-jet 
process that combines CO2 laser and abrasive-free waterjet (LWJ) was investigated for cutting of Y-PSZ 
substrates.  The hybrid system exploits the low thermal shock resistance of Y-PSZ for controlled crack 
propagation along cutting path through localized heating and rapid quenching by laser and waterjet, 
respectively.  Analytical solutions for temperature and stress fields in the workpiece during laser heating 
and waterjet quenching were developed and were used to identify the processing parameters required for 
controlled separation of Y-PSZ substrates.  Cutting experiments were performed for a number of different 
processing parameters and cut surfaces were analyzed to identify the mechanisms responsible for observed 
fracture.  Experimental results were compared with theoretical predictions to validate the modeling 
assumptions underlying analytical models of the hybrid cutting process.  The experimentally validated 
model of the cutting process relates processing parameters to the different modes of machining of the 
workpiece and can be effectively used for hybrid cutting of Y-PSZ substrates. 
KEYWORDS: 
CO2 Laser/Waterjet (LWJ) system, Zirconia, phase transformation, thermal shock, Griffith Energy, crack 
propagation, ceramic machining 
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NOMENCLATURE  
 
q – Heating /cooling source term (W/m2) 
Cp - Specific heat capacity (J/kg K) 
T - Temperature (K) 
t - time (s) 
υ -  poisson’s ratio 
α -Thermal coefficient of expansion (/K) 
ρ - Density of the material (kg/m3) 
κ - Thermal diffusivity of the material (m2/s) 
w -Thickness of the wafer (m) 
k - Thermal conductivity of the material (W/mK) 
Ih- Heating Intensity (W/m2) 
Ic- Cooling Intensity (W/m2) 
hy - Semi- length of the laser spot in y direction (m) 
cy - Semi- length of the waterjet spot in y direction (m) 
hx - Semi- width of the laser spot in x direction (m) 
cx - Semi- width of the waterjet spot in x direction (m) 
l0 - Distance of separation between the laser spot and waterjet spot (m) 
d - Thickness of the wafer (m) 
h - Convective heat transfer coefficient (W/m2K) 
TA - Ambient Temperature (K) 
T0 - Initial Temperature (K) 
as - absorptivity  
P – Laser power (W) 
b – Laser spot size (m) 
a – Crack depth (m) 
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yb – Length of the heating/cooling region along y direction (m) 
xa – Semi-width of the heating/ cooling region along x+/x- direction (m) 
H - Heaviside function 
δ - Dirac delta function 
θ  - Green’s solution for temperature distribution  
ω - Eigen functions along x direction 
ξ - Eigen functions along y direction 
Ψ - Eigen functions along z direction 
n - Index number for Eigen values along x direction 
m - Index number for Eigen values along y direction 
l - Index number for Eigen values along z direction 
Φ - Airy stress function  
D - Bending rigidity per unit length (N-m) 
wd - out of plane displacement in the z direction (m) 
σxx - Normal stress component along x direction (N/m2) 
σzz - Normal stress component along z direction (N/m2) 
σxy - Shear stress component in the x-z plane (N/m2) 
Nx - Normal force per unit length along x direction (N) 
Ny – Normal force per unit length along y direction (N) 
Nxy -  Shear force per unit length in the x-z plane (N) 
KIC - Critical stress intensity factor (MPa√m) 
KI - Stress intensity factor for Mode – I crack loading (MPa√m) 
Gc - Critical Griffith Energy release rate (MPa-m) 
Gt - Griffith Energy release rate for channeling crack (MPa-m) 
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4.2.  INTRODUCTION 
 
Yttria partially stabilized zirconia (Y-PSZ) is a structural and electronic ceramic which finds numerous 
industrial applications due to its high dielectric constant, chemical stability, low thermal conductivity and 
high fracture toughness. The yttria stabilizer helps in retaining the tetragonal phase of zirconia at room 
temperature. The retained tetragonal phase undergoes monoclinic transformation under external applied 
stress. The volume expansion associated with the transformation and the compressive stress generated in 
the vicinity of the crack arrests crack propagation, resulting in transformation toughening [1, 2].  
Transformation toughened Y-PSZ is used for wide range of industrial applications such as thermal barrier 
coatings [3, 4]; electrodes in solid oxide fuel cells (SOFC) [5]; replacement for silica as gate oxides in ULSI 
(Ultra – Large Scale Integration) chips [6]; and as restorative dental materials [1].  
 
Due to its high strength and toughness, machining of PSZ by grinding processes is difficult and costly [7]. 
The grinding processes result in sub-surface damages adversely affecting the strength of the finished 
substrate [8].  Therefore a number of researchers have investigated non-conventional machining of PSZ.  
Pfefferkorn and co-authors [9] reported a hybrid laser assisted machining (LAM) of PSZ that utilizes a 
continuous wave CO2 laser to heat the substrate locally and lower its strength and conventional lathe for 
easier and faster turning operation. However, this hybrid machining technique is only suitable for 
cylindrical substrates with the temperature at the laser heating zone have to be maintained between 1000° 
C and 1200° C for optimal specific energy required to yield plastic deformation and to avoid uncontrolled 
crack formation.  Kuar and his coworkers [10] investigated laser drilling through controlled ablation using 
Nd:YAG laser for micro drilling.  However to the best of our knowledge, there are no reported studies of 
machining processes for profile cutting of Y-PSZ substrates. 
 
The low thermal shock resistance of PSZ makes it an ideal candidate for hybrid laser/water-jet (LWJ) 
cutting through controlled crack propagation [11-14].  During LWJ cutting schematically represented in 
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Figure 4.1, a laser beam traverses along a predetermined path leading to localized heating of the 
workpiece and the waterjet trails the laser spot inducing rapid quenching of the heated material. In low 
conductive materials such as Y-PSZ, rapid quenching of the surface layers leads to development of large 
tensile stresses and propagation of cracks along the cutting path.  Appropriate selection of processing 
parameters such as laser power, cutting speed etc. are required to ensure that crack propagation results in 
controlled separation of workpiece instead of either scribing or uncontrolled fracture [15].   
 
In this work, we report analytical solutions for the temperature and stress fields induced on the Y-PSZ 
workpiece during hybrid LWJ cutting.  These solutions are utilized to devise a process map that relates 
processing parameters to different machining modes of the workpiece. LWJ cutting experiments were 
performed for a range of processing parameters and cut surfaces were analyzed using X-ray photoelectron 
spectroscopy (XPS) and X-ray diffraction (XRD) analysis to investigate the contribution of phase and 
chemical transformation to crack growth and material separation.  Experimental results were compared to 
process map predictions in order to validate the modeling assumptions underlying the theoretical analysis.  
 
Figure 4.1: Schematic of Laser/Waterjet system 
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4.3. RELATIONSHIP BETWEEN LWJ PROCESS PARAMETERS AND FRACTURE 
CHARCTERISTICS OF THE WORKPIECE 
 
4.3.1. Calculation of Thermal Stresses and Crack Driving Forces 
The schematic of the laser/water-jet machining processes is shown in Figure 4.1. Green’s function based 
approach is used to determine the solution of the heat conduction equation. The thermal stresses were 
determined from the temperature distribution using quasi-static thin plate analysis [16] and were used to 
determine the driving forces for cracks that lead to material separation.  
 
4.3.1.1. Determination of temperature distribution 
The temperature distributions at different points on the workpiece during LWJ cutting were determined 
from Fourier’s Heat conduction equation with a source term as stated in Eqn (1).  
( )ρ ∂ = ∇ +2p Tc k T q x, y,t ,I ,dt h cI         Eqn (1)  
where 
( ) ( ) ( ) ( )
( ) ( ) (
⎡ ⎤= − − − − −⎣ ⎦
⎡ ⎤− − − − − − − − − −⎣ ⎦
h c h x y
c x y 0 y 0 y
q x, y,t ,I ,I I h x vt y vt y 2h
)I c x vt 2h l y vt 2h l 2c y
H H H
H H H
      Eqn (2a) 
 
and      as hI = Pbπ 2
4
                       Eqn 
(2b) 
 
The absorptivity as was calculated by taking into account of the various losses such as losses due to 
reflection and transmission of the laser light by the material, losses in the laser optics, losses due to heat 
emission of the material and losses due to the partial absorption of laser light by water vapor during 
machining, The cooling intensity Ic was calculated as the maximum cooling intensity that will force the 
temperature at the cooling spot to reach near room temperature [15].  
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Laser heating and waterjet cooling takes place on the top surface while minimal heat transfer takes place 
on the bottom surface [15].  Hence, the top surface of the workpiece was subjected to convective heat 
transfer while the bottom surface was modeled as insulated surface. The side walls were modeled as 
convective boundaries except y = 0 mm which was modeled as an insulated surface to simplify the 
analytical solution. The initial and boundary conditions for the system can be thus defined as follows: 
( )
( )
( )
= =± =
=− =
∂ ∂ ∂= = = − −∂ ∂ ∂
∂ ∂= =∂ ∂
= =
A
z d / 2 x xa y yb
z d / 2 y 0
0
T T Tk k k h T T
z x y
T T 0  
z y
T x, y,z,t 0 T
Insulated Boundary Condition    Eqn (3) 
        
The transient temperature distribution was determined using a Green’s function approach 
      ( ) ( ) ( )θ
−
= +∫ ∫ ∫
ybt xa
0 0 , 0 h c 0 0 0 0 0 0 0
0 0 xa
T x, y,z,t q x , y t ,I ,I x,x , y, y ,z,t ,t  dx  dy  dt T                            Eqn 
(4) 
where 0 0 0( x,x , y, y ,z,t ,t )θ  is the solution to the associated problem with similar boundary conditions, 
                 ( ) ( ) (2p 0 0 dc k x x y y z tdt 2
θρ θ δ δ δ δ∂ ⎛ ⎞= ∇ + − − − −⎜ ⎟⎝ ⎠ )0t  .                                  Eqn (5) 
 Eigen function expansions along x, y, z coordinates were utilized to determine the series representation of 
Green’s function θ. 
 
( ) ( )( ) ( ) ( )
( )( ) ( ) ( )
( )( ) ( ) ( )( ) ( )
κθ κω ω ω
κξ ξ ξ
κψ ψ ψ
∞
=
∞
=
∞
=
= − − ⋅
− − ⋅
− − + ⋅ −
∑
∑
∑
2
0 0 0 n 0 n n 0
n 1
2
m 0 m m 0
m 1
2
l 0 l l
l 1
x, x , y, y , z,t ,t exp t t cos x cos x
k
exp t t cos y cos y
exp t t cos d cos z d 2 t tH 0
       Eqn 
(6) 
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4.3.1.2. Determination of thermal stresses  
Non-uniform heating and cooling leads to development of thermal stresses in the specimen [16].  As the 
thickness of the workpiece was small in comparison to its length and width, uncoupled quasistatic thin 
plate analysis was used to determine the resulting displacements and thermal stress fields. Stress function 
and out-of-plane displacement fields need to satisfy the following differential equations and stress free 
boundary conditions. 
Φ∇ = −∇ T4 2N                                                           Eqn (7) 
( )∇ ∇4 2d
1D w = - M
1 - υ T
                                            Eqn (8) 
where the bending rigidity per unit length is ( ) 32
1D = Ed
12 1 - υ
     Eqn (9) 
Temperature distribution across the thickness determines the forcing terms in the above equations:  
                                                      Eqn (10) α
−
= ∫
d / 2
T
d / 2
N E T  dz
α
−
= ∫
d / 2
T
d / 2
M E z T  dz                                                       Eqn (11) 
Stress function and out-of-plane displacement fields were also expressed as an Eigen function expansion. 
When the heat source and cooling zone were at sufficient distance from the workpiece boundaries, the 
stress free boundary conditions were exactly satisfied because the temperature field was localized near the 
processing zone and insignificantly small near the boundaries. Hence, the solutions for stress function and 
out-of-plane displacements are given by: 
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Φ ∫
d/2
2 2
m n -d/2
1= αE  T 
ω +ξ
dz                              Eqn (12) 
    
ν ∫
d/22 2
m n
d 2 2
m n -d/2
ω + ξw = αE z  
ω +ξ
 T dz       Eqn (13) 
The stress component (σxx) along the x axis that results in opening or closing of cracks is given in Eqn (14). 
Similar analysis may be utilized to calculate the other components of stress.  
( )( )σ αυ ∂ ∂= − + − +− ∂⎛ ⎞⎛ ⎞+⎜ ⎟ ⎜⎝ ⎠ ⎝ ⎠
2 2
xx 3 2 2
d d
x T
w w1 1 12zD
ET
1 d d x
1-υ N N ∂ ⎟y                          Eqn 
(14) 
The in-plane forces per unit lengths in the above expressions were determined from the stress function as 
follows: 
Φ Φ2 2
x xy y2N = ;  N = - ;   N =y y
Φ2
2
∂ ∂ ∂
∂ ∂ ∂ ∂x x                                       Eqn (15) 
It is important to note that this solution for stress distribution is only valid for the cases when laser and 
waterjet spots are away from the workpiece boundaries and in this paper, it has only been used to 
determine the driving forces for cracks away from the boundaries.  Further, the temperature and stress 
distributions were determined under the assumption that only the surface layers of material under the 
laser spot undergo melting, vaporization, and solidification and the localized material change does not 
influence the stress and temperature fields in the rest of the workpiece. 
4.3.2. Prediction of Cutting Parameters 
 
4.3.2.1.  Crack Configurations considered for material separation 
During LWJ machining, points along the cutting path were first irradiated by laser and subsequently 
quenched by the waterjet.  Laser irradiation not only heats the surface but it also causes localized damage 
that results in crack nucleation and propagation during the waterjet quenching.  During waterjet 
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quenching, laser induced damage can result into two possible crack configurations — edge crack towards 
center of plate or channeling crack along the surface — schematically represented in Figure 4.2.  Crack 
propagation analysis depends on whether the LWJ cutting is initiated at the edge of the workpiece or in 
the middle of the workpiece.  At the beginning of a through-cut, laser radiation is incident over the 
specimen boundary resulting in damage and subsequent cracking across the whole thickness during 
waterjet quenching. Therefore, equilibrium depth of a channeling crack is most appropriate for 
approximating the LWJ induced cut depth in thin through-cut specimens.  However in the cases where 
cut starts away from the boundary, LWJ machining may be represented through a two step analysis: at the 
beginning of the cut when there are no pre-existing cracks in the workpiece, plain strain analysis of edge 
crack may be utilized to approximate the initial cut depth and subsequently, analysis of the channeling 
crack may be utilized to approximate the propagation of the initiated cut along the laser path.  In the 
present paper, the case of through-cut thin Y-PSZ workpieces was considered and the energy release rates 
for channeling cracks were computed similar to previous studies [17-19].  
 
Figure 4. 2 (a): Plane strain cracking                 (b): Crack Channeling 
 
 
 
4.3.2.2. Griffith Energy predictions for different crack lengths 
The channeling of an edge crack is a three dimensional process and for steady state crack extension, it is 
assumed that edge crack will channel at fixed depth, with a constant tip shape and constant release rate. 
Hence, driving force for a steady state crack growth is determined from average energy release rate over 
the depth of the channeling crack front. The Griffith Energy release rate is calculated from stress intensity 
 
 79
factor corresponding to channeling cracks of different crack depths according to the following procedure: 
first, the stress intensity factors are computed using the weight function method for Mode I loading of 
crack in the x-z plane [18]. The weight functions for different crack lengths were computed using 
commercial finite element package ABAQUS (Providence, RI).  Subsequently, the Griffith Energy release 
rate for crack channeling (Gt) is computed as: 
( )′ ′∫ It
0
a K (a )1G = da
a E
2
      Eqn (16) 
Computed energy release rates are compared to the critical energy release rate for Y-PSZ to determine the 
equilibrium depth of channeling crack propagated during LWJ machining.   
4.4.  MATERIALS AND EXPERIMENTAL PROCEDURES 
4.4.1. Material and Optical Characterization 
 
Y-PSZ samples of 25 mm x 25 mm x 1 mm thickness were procured from Coorstek, USA. The reflectance 
and transmittivity were characterized to determine the absorptivity of the material at the machining laser 
wavelength. The optical characterization of the samples were performed by Bruker make IFS 66 v/s 
Fourier Transform - Infra red (FT-IR) Spectrophotometer over wavelengths ranging from 2.5 μm to 25 μm. 
 
4.4.2. LWJ Cutting Experiments  
 
Cutting experiments were performed using a continuous wave CO2 laser (Spectra Physics 800) of 10.6 μm 
wavelength with a CNC controlled worktable. The laser head was modified to accommodate waterjet 
(will be referred as LWJ cutting head, hereafter) to focus both laser beam and waterjet on the workpiece 
fixed on a CNC controlled work table. The design has been discussed in detailed in a previous publication 
[15]. A waterjet pressure of 3.5 MPa (500 psi) was used in the experiment. An air pressure of 35 kPa (5 psi) 
was maintained through the laser head to protect the lens from spatter. The experiment was conducted for 
two laser powers of 400 W and 600 W. The velocity of the laser cutting head was varied from 21.17 mm/s 
(50 inch/min) to 46.67 mm/s (110 inch/min).  
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4.4.3. Chemical and Structural Analysis 
 
Cut surfaces and heat affected zones of machined workpieces was studied by Joel JSM 606LV Scanning 
Electron Microscopy at an acceleration voltage of 2-5 kV.  Crystal lattices were analyzed with the help of 
Siemens D-500 X-ray diffractometer (Siemens, Madison, WI) operated with monochromatized Cu Kα 
radiation at 50 kV and 20 mA. The measurements were made in reflection mode. Chemical compositions 
of the surface layers in the machined workpiece were analyzed by X-ray Photoelectron Spectroscopy (a 
multitechnique chamber Perkin-Elmer Model 5500) with PHI-ACCESS software. During the XPS analysis, 
the base pressures of the chamber was maintained at or lower than 1.03 x 10-7 Pa (8 × 10-10 Torr). An X-ray 
source of monochromatized Al K α radiation at a power of 250 W and take-off angle of 45 ° was used in 
these experiments.  
 
4.5. RESULTS AND DISCUSSION 
Numerical analysis was used to identify processing parameters that correspond to controlled separation 
of Y-PSZ workpieces. Transient temperature and stress distributions were evaluated for a range of process 
parameters. In the analytical model, quantities such as specimen dimensions, cutting velocity, laser spot 
size, water-jet area, separation between laser beam and water-jet were chosen to exactly match the 
experimental conditions. Material properties used for Y-PSZ specimens are given in Table 4.1 and are 
assumed to be temperature independent. Intensity of the heat flux incident over laser spot was 
determined from Eqn (2b). The value of absorptivity in the Eqn (2b) was calculated to be s = 0.70 i.e. 70% 
of the laser incident energy is absorbed in the sample based on approximating various losses during 
machining namely 5% losses in laser optics [15], 5% losses for reflectivity (as shown in Figure 4.3 
corresponding to the CO2 laser wavelength of 10.6 μm), 4% losses for emissivity [20] and 20% losses due to 
the absorption of laser light by water vapor [13, 15]. 
a
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Figure 4.3: Reflectance spectrum of Y-PSZ 
In the numerical model, waterjet quenching of the laser heated area is approximated using a heat sink 
along with convective cooling over the top surface because the large temperature variation over the 
sample generates non-uniform convection involving both forced convection due to water flow as well as 
pool boiling over the cutting path (water vapor/mist formation was observed during the experiments). 
The cooling intensity of heat sink and convection heat transfer coefficient were estimated using the 
following two assumptions: 1) waterjet quenching will rapidly reduce the temperature of laser heated area 
to room temperature; and 2) flow of water over the sample will result in forced convection (with 
coefficient value of 10,000 W/m2K [21]). 
 
Stress distribution was computed for the specimen size and stress free boundary conditions using 50  
Eigen values along x and z axis and 400  Eigen values along y axis. Number of Eigen values along each 
direction was chosen on the basis of numerical convergence studies to ensure that increase in the number 
of Eigen values produces an insignificant change in the predictions of maximum tensile stress on the 
surface during waterjet quenching. The stress profiles at three different depths (top, center, and bottom) 
are plotted with respect to time for laser power of 600 W and cutting velocity of 29.6 mm/s (70 inch/min) 
in Figure 4.4.  Arrival of laser spot on the top surface leads to rapid heating and development of 
compressive stresses. Quenching of the laser heated area with the waterjet results in development of large 
tensile stresses on the top surface while the middle and bottom surface are relatively unstressed. Through-
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the-thickness stress distribution at the instance of maximum tensile stress on top surface is plotted in the 
inset shown in Figure 4.4(b). This large in-plane tensile stress will result in propagation of cracks that lead 
to scribing or splitting of the specimen.  
 
Our solution approach for both temperature and stress calculation relies on summation of Eigen functions 
for temperature and stress computations. Number of Eigen values along each direction was chosen on the 
basis of numerical convergence studies to ensure that increase in the number of Eigen values produces an 
insignificant change in the predictions of maximum tensile stress on the surface during waterjet 
quenching. Eigen function expansion provides a simple form for the temperature and stresses but suffers 
from very slow convergence in resolving large gradients associated with changes in sign of surface heat 
flux from laser heating to waterjet cooling. The slow rate of convergence leads to wavy profile for the 
stress between the laser heating and subsequent cooling. Increasing the number of Eigen functions in the 
temperature and stress calculations lead to smoother curves but leads to extremely large computational 
times. However, the increase in Eigen values has no effect on the magnitude of maximum tensile stress 
that occurs away from this undulating profile. Since the focus of this paper was to determine the crack 
propagation driven by the maximum tensile stress, convergence studies were based on the magnitude of 
maximum tensile stress rather than the shape of overall stress variations. 
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Table 4.1: Properties of Y-PSZ considered in the analysis 
 
 
 
 
Figure 4.4: (a) Uncoupled quasi-static thermal stress plot at three different depths z = d/2, 0 & -d/2) at x = 0 
and y = 0.04 m with respect to time with the inset (b) showing the stress plot across the thickness at the highest 
stress instance. 
 
Ratio of the two prime machining parameters i.e laser power and velocity is cumulatively represented as 
line energy (expressed in J/mm) for laser machining. Comparison of numerical predictions for different 
combinations of laser power and cutting velocity showed that the predicted temperature and thermal 
stresses were approximately same for a fixed line energy value.  Our previous investigations on alumina 
specimens have also shown that similar material separation pattern or fracture behavior was observed for 
a fixed line energy value [15, 22, 23].  Hence for the sake of brevity, all the results are presented as a 
function of line energy rather than different laser power and cutting velocity values. 
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Figure 4.5: Plot of G (Griffith Energy) Vs. a/w graph for various line energies 
 
Predicted stress histories shown in Figure 4.4 were used to calculate the driving forces for plane strain and 
channeling crack configurations. Crack driving forces reach the maximum at the instant when the top 
surface was subjected to maximum tensile stress during waterjet quenching (shown in Figure 4.4 (b)). The 
computed energy release rates for channeling cracks at this maximum tensile stress instant are plotted as a 
function of crack length for three different processing parameters in Figure 4.5.  In all the cases, energy 
release rates were highest for cracks that are approximately 0.1 times the thickness due to the large tensile 
stresses induced on the top surface during quenching.  Energy release rates decreases as the cracks 
becomes longer and reach a minimum for cracks that were roughly 0.6 to 0.7 times the thickness due to 
the compressive stresses induced in the middle portion of material (Figure 4.4 (b)). In addition, increase in 
line energy leads to increase in computed values of energy release rates. 
 
 
Numerical predictions of energy release rates were also compared to Y-PSZ’s critical energy release rate 
(Gc) (Figure 4.5) to estimate the equilibrium depth of the channeling crack. For line energy values below 
15.8 J/mm, Gt for short cracks was greater than Gc but for cracks approximately 0.6- 0.7 times the thickness 
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Gt was lower than Gc and as a result, scribing with different crack depths was expected for line energy 
lower than 15.8 J/mm. As the line energy values are further increased, the Gt value for all crack lengths 
becomes greater than Gc resulting in channeling of through-the-thickness cracks. Therefore, line energy 
greater than 15.8 J/mm are expected to result in material separation through controlled crack propagation. 
 
 
4.5.1. Cutting Experiment Results 
The laser/waterjet cutting experiments were performed for a range of processing parameters and the 
samples were categorized into two machining modes - scribing and material separation. The modes of 
machining observed at different line energies are plotted in Figure 4.6. LWJ machining resulted in scribing 
over a wide range of line energy values and a transition from scribing to controlled separation at line 
energy values between 18 and 20 J/mm was observed. The lowest line energy which yielded material 
separation was 18.9 J/mm.  
 
SEM images of the top view of the scribed sample and the cut cross section of the through-cut separated 
sample are presented in Figure 4.7 (a) and (b), respectively.  Both images show localized recast zones 
along the laser path.  In the top view, a number of small lateral cracks can be observed in the recast zone. 
As shown in Figure 4.7(b), two distinct zones were observed in all the cut surfaces: a recast zone near the 
top surface and a fracture zone through the rest of the thickness.  Surface damage and size of the heat 
affected zones are primarily influenced by laser surface density (ratio of laser power by the product of 
spot size and cutting velocity).  Hence the optimization of line energy and surface energy density can 
minimize the size of the recast zone and achieve material separation as shown in our earlier work on LWJ 
machining of alumina [15].  Conventional machining processes for Y-PSZ such as high speed deep 
grinding (HSDG)[24] result in formation of pits (during dry grinding) and sharp marks/cracks (during 
wet grinding) over the whole machined surface. In contrast, LWJ machining only results in localized 
recast zone at the top surface and can also achieve significantly higher cutting speeds than reported in 
grinding processes [24, 25] as well in other machining processes such as ultrasonic machining [26]. 
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Figure 4.6: Observed fracture behavior as a function of line energy 
 
 
Figure 4.7 (a): SEM Image of laser/waterjet scribed sample (Top view). (b) SEM image of the cross-section of 
the LWJ cut surface 
 
4.5.2. Structural and Chemical Analysis 
 
Y-PSZ has a metastable tetragonal phase at ambient temperatures. In the mechanism of transformation 
toughening, the stresses at the crack tip transform the metastable tetragonal phase to monoclinic phase 
resulting in increase in volume of about 4-5% [1]. Volume increase leads to compressive stresses in the 
vicinity of the crack tip and thereby arresting crack propagation. X-ray diffraction (XRD) analyses of both 
the recast zone and substrate material were performed to identify the contribution of transformation 
toughening to crack propagation during LWJ machining. The XRD plot of the cut and as-received surfaces 
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are shown in Figure 4.8. The subscripts ‘t’, ‘m’ and ‘c’ correspond to tetragonal, monoclinic, and cubic 
phases respectively. As shown in the XRD plot of the as-received surface, the Y-PSZ substrates were 
mainly composed of tetragonal lattice structure with little percentage of monoclinic and cubic forms [27]. 
No distinct changes were noticed between the XRD plot of the as-received and cut surfaces. Therefore it 
can be concluded that no significant lattice or phase transformation occurred during LWJ machining of Y-
PSZ. 
 
IIavsky et al [4] performed neutron diffraction studies on the phase transformation of PSZ during 
annealing and observed that the phase transformation occurs over significantly larger time intervals in the 
order of hours. Since LWJ machining of the workpiece takes place in less than a minute, phase 
transformation may not have taken place. In addition, the heating/cooling rates (on the order of 100’s of 
K/sec) during the LWJ machining are in the “no transformation zones” of the time-temperature-
transformation (TTT) curves for tetragonal-to-monoclinic martensitic transformation in Y-PSZ [28]. 
 
X-ray photoelectron spectroscopy spectra obtained on both recast as well as as-received surfaces are 
plotted in Figure 4.9 (a) and (b), respectively.  The relative counts of all the constituent atoms - zirconium, 
oxygen and yttrium - are nearly identical at both the locations indicating that Y-PSZ substrates did not 
undergo any chemical transformation during the LWJ machining.   
 
The metastability of zirconia in stress-generating surface treatments such as grinding and sand-blasting 
can trigger tetragonal to monoclinic transformation resulting not only in volume increase but also 
increasing the susceptibility for aging and altering the phase integrity [29]. Therefore LWJ machining 
processes that precludes phase and chemical transformation of Y-PSZ is advantageous in maintaining the 
integrity and strength of machined workpieces. 
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Figure 4.8: X-ray diffraction of the melt zone and substrate material 
 
4.5.3. Comparison of LWJ machining predictions and observations 
SEM, XRD and XPS analysis of cut surfaces clearly validates the modeling assumptions underlying the 
fracture mechanics of Y-PSZ machining that relates processing parameters to material separation.  SEM 
images of the cut surfaces show characteristic fracture zones validating that material separation has taken 
place through crack propagation along the cutting path.  Results of XRD and XPS analysis shows that Y-
PSZ specimens do not undergo phase or chemical transformations during LWJ machining respectively.  
Consequently, stress fields associated chemical or phase transformation [30] do not contribute to LWJ 
machining of Y-PSZ.  Stress field generated during thermal shock are primarily responsible for crack 
propagation associated with material separation.   
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Figure 4.9: X-ray photoelectron spectrum of the substrate and melt zone 
 
 
Results of the cutting experiments agree well with model prediction that increase in line energy will result 
in transition from scribing to material separation but the theoretical predictions for the exact value for 
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transition are slightly lower than that observed in cutting experiments. In the cutting experiments, 
transition from scribing to material separation was first observed at line energy of approximately 19 J/mm.   
 
The analysis of channeling crack predicted that line energy equal to or higher than 16 J/mm would yield 
material separation.  The small discrepancy between theoretical predictions and experimental 
observations may be attributed to two main sources: firstly, the temperature predictions are based on the 
assumption that localized melting of surface layers under the laser spot has no influence on heat 
conduction; and secondly, material properties are assumed to be temperature independent.  
Localized melting of the surface layers (as observed in the experiments) may consume a small fraction of 
the incident laser energy and thus reduce the amount of energy conducted away from the heated area.  As 
a result, higher magnitudes of incident power may be required for achieving the temperature and stress 
fields corresponding to crack propagation. The influence of localized melting may be incorporated into 
the temperature prediction through an empirical loss factor that reduces the amount of incident laser 
power. However, we have not included this into our theoretical analysis as the value of the loss of 
incident energy will depend on the magnitude of melting and can only be estimated through comparison 
between theoretical predictions and experimental observations.  More importantly, the localized melting 
during the LWJ machining is not desirable and optimization of machining parameters is required such 
that localized melting can be minimized or eliminated. 
 
The temperature, stress and crack propagation predictions are based on material properties reported in 
manufacturers’ datasheets [31] and material handbooks [32]. In order to obtain analytical solutions of 
governing equations, the material properties are assumed to be temperature independent. The influence 
of this assumption is evident by considering the influence of changing the numerical value for the 
coefficient of thermal expansion (CTE). Theoretical predictions are based on Y-PSZ CTE value of 10.3 x 10-
6 / K as reported in manufacturer’s datasheet. However, the CTE of Y-PSZ is temperature dependent and 
its value ranges from 6 to 10.5 x 10-6 / K for temperatures between 200 and 1000 K as reported by Hayashi 
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et al. [33]. The predicted line energy values for transition from scribing to material separation would 
coincide with experimental observations if an average thermal coefficient of expansion of 8.25 x 10-6 / K 
was used in the calculations. Incorporating the temperature dependence of material properties into 
temperature and stress predictions will overcome this limitation but will require numerical approaches 
such as finite element analysis for solution of the governing equations [34]. In the current work, we have 
assumed temperature independent properties to obtain analytical solutions so that the influence of 
different processing parameters on the LWJ machining can be investigated rapidly without large 
computational expenses. 
4.6. CONCLUSIONS 
 
A combined theoretical and experimental investigation of single line LWJ cutting was performed to relate 
the processing parameters to the different modes of machining of Y-PSZ workpiece. Theoretical analysis 
of crack propagation suggested that LWJ machining of Y-PSZ substrate would result in different modes of 
machining that transition from scribing to material separation with increase in line energy values.  Critical 
value of laser line energy corresponding to transition from scribing to cracking agreed well with 
experimental observations. Analysis of the Y-PSZ cut surfaces validated the modeling assumptions that 
thermal shock stresses are primarily responsible for crack propagation and material separation during 
LWJ machining. LWJ machining results in cut surfaces that are free from phase or chemically transformed 
materials.  The validation of the modeling assumptions and close agreement between predicted and 
measured line energy values clearly indicates that analytical stress analysis of crack propagation captures 
the essential mechanisms underlying material separation during LWJ machining of Y-PSZ and can be 
effectively used to predict the different modes of machining for other processing parameters. 
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Appendix - A 
Weight Function Method  
      
 
FigureA: Given state of stress and the reciprocal state of stress 
 
The approach is based on reciprocal theorem, wherein the given state of far field traction forces TA acting 
on the body yielding a displacement uA is evaluated against a point load PB acting on the crack face and 
producing a displacement uB. According to the theorem, the ratio of load to displacement would remain 
constant. On the assumption that the distance ‘c’ (distance between the point of action of load PB and the 
crack tip) in the latter case is very small (i.e., approaching zero compared with other dimensions), the 
displacement uA will be well within the crack-tip stress field and is given by 
PB 
c 
a 
TA 
KIA 
X
Z
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A IA
4 2u = K c
πE
⎛ ⎞⎜⎜ ′⎝ ⎠⎟⎟
                                                --     Eqn (1) 
Rearranging them to get stress intensity factor 
′ ∫IA A B
B
E πK = T u ds
4 2P c
                                       --    Eqn (2) 
As the value of ‘c’ approaches zero (i.e towards the crack tip), PB√c approaches a constant value, say π BI. 
The near tip Bueckner’s displacement fields for plane strain [17] for Mode I loading are given below.  
 
 
⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
I
z
B θ θ 3θu = cos 2υ - 1+ sin sin
2 2G r 2
  --   Eqn (3-a) 
⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦
I
x
B θ θ 3θu = sin 2 - 2υ - cos cos
2 2G r 2
       --   Eqn (3-b) 
 
For a small radii of singularity considered, the displacements in the region at various angles can be 
computed. Given Bueckner’s displacements in the circle of singularity, the displacements uB on the crack 
face at various depths can be computed by finite element technique and hence KIA be computed. 
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5.1. ABSTRACT 
 
A model has been developed to understand and estimate the fracture mechanism during laser/waterjet 
machining of polycrystalline diamond (PCD). Cobalt, the binder material in PCD helps in the phase 
transformation of diamond to diamond-like carbon and graphite during laser heating. This transformation 
results in an increase of volume that imitates a wedge effect. The controlled fracture of the substrate 
observed during machining is a result of tensile stresses due to quenching of laser heated zone by waterjet 
combined with the wedge effect due to phase transformation. Raman microspectroscopy of the cut 
surfaces was performed to confirm the transformation of diamond. The model has been devised to 
estimate both the phase transformation stress intensity factor of diamond and the thermal stresses. Also, 
the experimental results indicate that LWJ machining system can accomplish cutting of PCD substrates 
with good quality of cut and at higher cutting speeds in comparison to other machining processes.  
Key words: Thermo-chemical machining, Crack propagation, Polycrystalline diamond (PCD), 
Laser/Waterjet Machining (LWJ), diamond to graphite transformation, Griffith Energy, Cut quality 
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5.2. INTRODUCTION 
 
PCD is an excellent tool material due to its high strength (~400 MPa), high hardness (~70 GPa), and high 
scratch and wear resistance (~ 10 in Mohls scale). Polycrystalline diamond (PCD) tools are widely used to 
machine engineering materials like ceramics, graphite epoxy composites, wood and plastics with 
capabilities of achieving high machining rates and finer surface finishes [1]. They are also used in oil field 
and geological applications [2]. PCD tools are available in two forms: a supported or composite tool in form 
of thin layers of PCD backed on a cemented carbide substrate [1] and the other is unsupported or self-
supported tool consisting of polycrystalline diamond [3].  
 
PCD compacts are produced by consolidation of diamond powders at high pressures and temperatures 
with cobalt as sintering aid/binder phase [3]. Other binder phases include nickel [4] and magnesium 
carbonate [5, 6].  PCD has a typical mean grain size from 4 to 25 µm depending on the binder and sintering 
temperature [7]. Typically, PCD is stable up to about 700°C [7] and removing the metal binder will extend 
the stability up to 1200°C [7].   
 
The excellent property of high strength and high wear resistance constrains machining or shaping of PCD 
substrates. Tool inserts are cut from the compact blanks by electric discharge machining (EDM) [4, 8-10] 
and Nd:YAG laser cutting [1] and are finished either by chemo-mechanical etching [11] or by high 
temperature lapping [12] or by dynamic friction polishing [13, 14]. The main requirements of a 
manufacturing process in cutting the desired geometry of tool inserts are: capabilities to generate a smooth 
surface, minimal heat affected zone and higher cutting speed.  
 
In the cutting processes discussed above, material removal is accomplished by erosion of material either 
under electrical discharge or laser heating. The binder material cobalt facilitates both the processes. In EDM 
machining cobalt enhances the electrical conductivity of PCD [8] while in laser machining cobalt increases 
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the absorptivity of the laser light in the infrared regime [15]. The presence of cobalt not only facilitates 
machining through erosion but also enhances the graphitization of diamond [6]. In the current work, we 
investigate a novel material removal mechanism for controlled fracture of PCD. Laser/waterjet machining 
(LWJ) [16-19] system is used in the cutting process that exploits the phase transformation of diamond. 
Material separation is achieved by a three step process: (i) Localized heating by laser results in 
transformation of diamond (ii) Localized cooling by waterjet induces thermal stresses of tensile nature (iii) 
Tensile stresses along with the volume increase due to transformation (causing a wedge effect) results in 
material separation. 
 
The rate of machining is one of the important manufacturing aspects. Harrison et al [1] has investigated 
laser machining of PCD composite (thin layer of PCD on WC substrate) using Q-switched Nd:YAG laser at 
an average power of 420 W at repetition rates of 3-50 kHz and pulse durations of 20 to 200 ns. The highest 
machining speed obtained was 36 mm/min. “Melt, Burn and Blow” type of cutting mechanism was 
reported. While the tungsten carbide (WC) substrate is capable of melting, the diamond layer underwent 
phase transformation to graphite [20]. Laser-microjet® [21] developed by Swiss Federal Institute of 
Technology allows precise cutting of PCD materials by employing a Q-switched pulsed laser at an average 
power of 300 W at 532 nm wavelength and water pressure of 2-10 MPa. However, the process suffers from 
slow cutting speeds of 72 mm/min for 0.5 mm thick PCD substrate. The material removal rate by EDG and 
EDM is much slower than the laser based techniques. Typical values of material removal rate reported for 
EDM and EDG are 9 mm3/hr [9] and 2 mm3/min [8] respectively. Higher rates of machinability can be 
achieved by LWJ system and are discussed in the paper.  
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Figure 5.1: Schematic of the LWJ system 
 
A hybrid machining process of CO2 laser/waterjet (LWJ) machining that has been developed and applied 
in the machining of electronic ceramics such as aluminum oxide [17, 18], polycrystalline cubic boron nitride 
(PCBN) [16],  and aluminum nitride [19]. In this hybrid process, the laser head has been modified to 
accommodate the low-pressure water jet (< 7 MPa (1000psi)). The design and fabrication of CO2 – LWJ has 
been explained in detail elsewhere [17]  and for the sake of brevity, the schematic of the process is 
presented in Figure 5.1Figure 5.. PCD machining by both CO2 laser and CO2 laser/waterjet (LWJ) system 
has been attempted in this work. Based on our previous results for PCBN [16] we hypothesize that localized 
heating of PCD will lead to transformation of diamond to graphite or diamond-like carbon. Volume 
expansion associated with this transformation will lead to wedge effect and subsequent crack propagation 
leading to fracture of the workpiece. A model has been developed to relate the processing parameters, 
fracture characteristics and thermo-chemical transformation of PCD substrates. Finally, a process map 
relating laser parameters (laser power and cutting velocity) and fracture characteristics is presented. 
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5.3. EXPERIMENTAL METHODS AND CUTTING PARAMETERS 
 
PCD blanks with 8% cobalt as a binder of mean grain size of 4-5 μm were procured from Diamond 
Innovations, Worthington, Ohio, USA for the experiments. The blanks were 0.5 mm thick wafer of 3” 
diameter. The surface roughness of the received samples was 1.0 µm Ra and 1.3 µm RMS. 
 
A continuous wave CO2 Laser (Model 820 Spectra Physics) of 10.6 μm wavelength and 1.5 kW rated power 
was used for all the experiments. The laser beam was focused to a spot size of 0.2 mm diameter on the 
sample surface. Air flow at a pressure of 69 kPa (10 psi) was maintained during experiments to protect the 
lens from damage due to spatter. For the laser/waterjet experiments, the water jet trailed the laser beam 
with a spacing of a about 2-4 mm to avoid the absorption of laser power by direct contact with water [17, 
22].  
 
Two sets of straight-line cutting experiments were conducted. The first set of experiments were carried with 
laser alone and the second set of experiments were carried out with laser/waterjet system. In the first set of 
experiments, the objective was to find the threshold power and velocity required to machine the 0.5 mm 
thick disc of PCD. Experiments were performed for different powers ranging from 200 W to 1000 W in steps 
of 200 W. Nitrogen was used as assist gas to prevent oxidation. The velocity was varied from 21.16 mm/s 
(50 inch/min) to 1083 mm/s (250 inch/min). In the second set of experiments single-pass cutting with 
Laser/Waterjet (LWJ) was carried out. The laser power was maintained at 1000 W and the velocity of 
cutting was varied between 21.16 mm/s (50 inch/min) and 63.48 mm/s (150 inch/min) to determine the 
threshold velocity of cutting for LWJ experiments. The waterjet was maintained at a pressure of 3.5 MPa 
(500 psi) and the distance between the laser spot and the waterjet spot was maintained at approximately 3.4 
mm.  
 
The cut surfaces were examined by Raman microspectroscopy (at a wavelength of 488 nm), and optical 
profilometery to identify the chemical transformation and measure roughness respectively. Cut surfaces 
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and heat affected zones of machined workpieces were studied by Joel JSM 606LV Scanning Electron 
Microscopy at an acceleration voltage of 2-5 kV. 
5.4. FRACTURE ANALYSIS  
The calculation of temperature distribution and the corresponding thermoelastic stresses that occur during 
machining are discussed in this section. A relationship between the calculated Griffith Energy and the 
modes of crack propagation to effect material separation has been developed in this section.  
5.4.1. Temperature distribution 
Green’s function based approach was used to predict the temperature fields during both laser and 
laser/water-jet machining operations. Temperature distribution, T(x,y,z,t), in the workpiece was 
determined by modeling the laser and water-jet as rectangular source and sink [23], respectively as shown 
schematically in Figure 5.1. Transient temperature distributions were obtained by the solution of following 
diffusion equations 
( )ρ ∂ = ∇ +2p Tc k T q x, y,t ,I ,Idt h c  
)
                       Eqn (1) 
where cp is the specific heat, ρ is the density of the material, T is the temperature field and q(x, y, t, Ih,, Ic) is 
the net heat input to the workpiece. The transient temperature distribution was determined using a Green’s 
function approach as given by Eqn (2) 
                           Eqn (2) ( ) ( )θ∞ ∞ ∞
−∞
= +∫ ∫ ∫ 0 0 , 0 h c 0 0 0 0 0 0 0
0 0
T( x, y,z,t ) q x , y t ,I ,I x,x , y, y ,z,t ,t .dy .dx .dt T
where (θ 0 0 0x,x , y, y ,z,t ,t  is the solution to the associated problem given by 
                      ( ) ( ) (ρ δ δ δ δ∂ ⎛ ⎞= ∇ + − − − −⎜ ⎟⎝ ⎠
2
p 0 0
T dc k T x x y y z t
dt 2
)0t                         Eqn (3) 
where d is the thickness of the workpiece material, Ih is the heating intensity (W/m2), and Ic is the cooling 
intensity (W/m2) . Convective boundary conditions were used on the top surface where both laser heating 
 
 104
and cooling takes place as well as on the workpiece edges (x = ± xa and y = yb). Insulated boundary 
conditions were assumed on the bottom surface (z = -d/2) and on the starting edge (y = 0).  
It is important to note that Green’s function for this problem can be represented as a series of error 
functions or trigonometric functions. The error function representation accurately captures the steep 
gradients associated with transient heat source and sink for short time intervals but has slow convergence 
in matching the boundary conditions. On the other hand Eigen or the trigonometric function representation 
matches the boundary condition exactly, but has slow convergence in capturing the steep gradients 
associated with short duration transient response. We have utilized an hybrid approach for determining 
thermal solutions: error function representation for short duration and trigonometric series based Eigen 
function expansion for long duration when the gradients are not steep and can be captured with reasonable 
number of terms (<500). Error function representation of the solution is given by 
( ) 2t n i 0h c i i i 02
i=10
-ξ κ(t-t )1 1 zT x,y,z,t =  (Q -Q ) A Cos ξ  Cos ξ +  exp dt   + T
4kd 2 d d
⎛ ⎞⎛ ⎞⎛ ⎞ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠∑∫ 0  
 Eqn (4) 
where Qh, Qc, Ai, a, ξi and T0 are given by  
h x x
h
y vt y vtI x h x hQ erf erf erf erf
4 t t t t t t t t
0 0
0 0 0 02 ( ) 2 ( ) 2 ( ) 2 ( )
κ
κ κ κ κ
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2
           Eqn (5b) 
Here κ represents thermal diffusivity and iξ represents Eigen values of the characteristic 
equation, i i tan  = Biξ ξ  where Bi  represents Biot number. 
The value of the coefficients 
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BiA
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ξ
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2 2
2 22 ⎟       Eqn (6) 
 
and heating intensity 
  ashI = Pbπ 2
4
       Eqn (7) 
 where P and b are the laser power (W) and laser spot size (m) respectively. The cooling intensity Ic of the 
waterjet is the maximum intensity that would cool the workpiece to near room temperature [18]. The Eigen 
function solution of the associated problem has already been discussed in detail elsewhere [18]. The 
temperature modeling described above is based on heat diffusion and does not take into account of melting, 
evaporation, and its related effects. 
5.4.2. Calculation of Thermal Stresses  
Non-uniform heating and cooling of the specimen leads to development of thermal stresses in the specimen 
[24]. Uncoupled quasistatic thin plate analysis was used to determine the resulting thermal stress fields. 
Since the thickness of the wafer is thin in comparison to its length and width, a plane stress assumption was 
used in the mathematical model.  
      
σ σ σ= = =zz xz yz0                                                                Eqn (8) 
Stress function Φ and out-of-plane displacement fields wd satisfy the following differential equations and 
associated boundary conditions of stress free boundaries of the workpiece.  
∇ Φ = −∇ TN4 2                                                            Eqn (9) 
∇ ∇4 2d T1D w = - M1- υ                   Eqn (10) 
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where the bending rigidity per unit length,  
( ) 32
1D = Ed
12 1 - υ
                          Eqn (11) 
Temperature distribution across the thickness determines the forcing terms in the above equations:  
                                                      Eqn (12) 
α
−
= ∫
d / 2
T
d / 2
N E T  dz
α
−
= ∫
d / 2
T
d / 2
M E z T  dz
                                                      Eqn (13) 
Stress function and out-of-plane displacement fields are also expressed as an Eigen function expansion and 
the partial differential equations are reduced to algebraic equations and hence easily solved. When the heat 
source and cooling zone are at sufficient distance from the workpiece boundaries, the stress free boundary 
conditions are exactly satisfied because the temperature field is localized near the processing zone and 
insignificantly small near the boundaries. Hence, the solutions for stress function and out-of-plane 
displacements are given by: 
Φ ∫
d/2
2 2
m n -d/2
1= αE  T 
ω +ξ
dz
                             Eqn (14) 
 
ν ∫
d/22 2
m n
d 2 2
m n -d/2
ω + ξw = αE z  
ω +ξ
 T dz
       Eqn (15) 
The stress component (σxx) along the x axis that results in opening or closing of cracks is given in Eqn (16). 
Similar analysis may be utilized to calculate the other components of stress.  
( )( )σ αυ ∂ ∂= − + − +− ∂⎛ ⎞⎛ ⎞+⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝
2 2
xx 3 2 2
d d
x T
w w1 1 12zD
ET
1 d d x
1-υ N N ∂ ⎠y                          Eqn (16) 
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The in-plane forces per unit lengths in the above expressions are determined from the stress function as 
follows: 
Φ Φ2 2
x xy y2 2N = ;  N = - ;   N =y y
Φ2∂ ∂ ∂
∂ ∂ ∂ ∂x x                                       Eqn (17) 
It is important to note that this solution is only valid for the cases when laser and waterjet spots are away 
from the workpiece boundaries and in this paper, it has only been used to determine the driving forces for 
cracks away from the boundaries.  Further, the temperature and stress distributions are determined under 
the assumption that only the surface layers of material under the laser spot undergo melting, vaporization, 
and solidification and the localized material change does not influence the stress and temperature fields in 
the rest of the workpiece.  
 
5.4.3. Modes of Fracture and calculation of crack driving forces 
Two different modes of crack propagation can result in material separation of the workpiece by thermal 
fracture [25, 26] namely plane strain cracking and channeling. In the plane strain crack propagation, Mode I 
edge crack travels towards the center of the plate while in channeling crack propagation, a stable Mode I 
crack travels along the length/width of the specimen as shown in Figure 5.2. These crack propagation 
modes are discussed in detail elsewhere [25, 26].  
 
Figure 5.2:  (a) Plane strain cracking                                                     (b) Crack Channeling 
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Machining can either start before/at the edge of the workpiece or inside the edge of the workpiece. And 
crack propagation analysis is dependent on the position of start of machining. In case of the former, the 
laser radiation is incident over the specimen boundary resulting in damage and subsequent cracking across 
the whole thickness during waterjet quenching. Therefore, equilibrium depth of a channeling crack is most 
appropriate for approximating the LWJ induced cut depth in thin through-cut specimens.  However in the 
cases where cut starts away from the free edge or boundary, crack propagation analysis is represented by a 
two step process: plain strain analysis of edge crack is utilized to approximate the initial cut depth at the 
beginning of the cut (when there are no pre-existing cracks in the workpiece), and subsequently, channeling 
crack analysis is utilized to approximate the propagation of the initiated cut along the laser path.  In the 
present paper, the case of through-cut thin PCD workpieces was considered and the stress intensity factor 
and energy release rates for channeling cracks are computed using weight-functions [18, 27]. The plane 
strain energy release rate Gp was calculated from the stress intensity factor KI for mode I for different crack 
depths “a.” The channeling energy release rate Gct for an edge crack is obtained from the average energy 
release rate over the depth of the channeling front [25]. For a steady state crack extension, it is assumed that 
the crack will channel at fixed depth, with a constant tip shape and constant release rate. The Griffith 
Energy release rates for plain strain and channeling cracks are given by 
 
( )
( )Ict
a K (a )
G
a E / υ
′
da′= −∫
2
2
0
1
1
                               Eqn (18) 
where E  is the young’s modulus of PCD substrate, υ is the poisson’s ratio and KI is the intensity factor.  
5.4.4. Effect of Transformation on crack propagation 
The chemical transformation of the constituent compounds takes place during laser or laser/waterjet 
machining. This produces a wedge effect [28-30], if the transformed product has a higher volume than the 
substrate material. Therefore the chemical transformation will in turn help propagate cracks to yield 
material separation. We hypothesize that an increase in stress intensity factor due to transformation has 
aided the crack channeling energy to exceed the critical energy and the minimum transformational stress 
intensity factor can be calculated by iteration. Also, the stress intensity factor ahead of the crack tip can be 
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expressed as a function of material property (Young’s modulus & poisson’s ratio) and crack/material 
configuration (a– length of crack, w – thickness of the specimen and δl – crack mouth opening displacement). 
The relationship between crack mouth opening displacement (CMOD) (see Figure 5.3) and the stress 
intensity factor is given by Eqns (19) [31] and (20) [32] . Eqn (19) is a simplified form and has been used in 
the calculation of stress intensity factor for wedge induced cracking [31]. A detailed form of the relationship 
relating KI, P (load) and δl (CMOD) is given by Eqn (20). The following assumptions were made in the 
calculation of the additional stress intensity factor KI due to transformation: (i) CMOD increases 
proportionally by a factor (a/w+0.64)2 for 0≤a/w≤dt (depth of transformation) or KI is a constant and (ii) KI 
decreases proportionally by a factor of (a/w+0.64)2 for dt<a/w≤0.9. 
 
( )
( )
2
l
I 2
δ 3E/ 1-v
K =
2 w a/w+0.64
          ------- Eqn (19) 
( ) ( )
( )
2
l 1
I
2
δV a/w E/ 1-v
K =
wV a/w
                  ------ Eqn (20) 
where                    -----Eqn (21a) ( ) ( )( ) ( )-3/2 2 31V α  = 2+α 1-α  0.886 +4.64α -13.32α +14.72α - 5.6α4
5and  ( ) ( ) ( ) ( )2 -2 2 3 42V α  = 1+α 1-α  2.1630+12.219α - 20.065α -0.9925α +20.609α - 9.9314α
------- Eqn (21b) 
 
Figure 5.3: Transformational effect and CMOD 
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5.5. RESULTS AND DISCUSSION 
5.5.1. Thermo-chemical Machining 
In the first set of experiments, machining of PCD substrates were carried out with laser alone. It was found 
that the minimum laser power required to machine the material was 1000 W. It was shown previously that 
the different modes of laser/LWJ machining of alumina [17, 18] was a function of line energy (ratio of laser 
power to velocity of machining table). However, in the present case similar material separation was not 
noticed for the same line energy for laser powers less than 1000 W i.e. powers lower than 1000 W resulted 
in scribing while powers higher than 1000 W resulted in material separation. Hence an investigation for the 
actual cause of fracture was done. SEM images of the cut cross-section by laser and laser/waterjet is shown 
in Figure 5.4. Two distinct regions can be noticed from both the figures namely, a top zone resembling 
recast layer and the bottom zone resembling fractured zone. The depth of the transformed zone was 
measured to be 218 μm and 150 μm for laser and laser/waterjet cutting respectively. 
 
Figure 5.4: SEM image of the cross-section by (a) Laser cutting (b) LWJ cutting at 1000 W and at a velocity of 
42.32 mm/s (100 inch/min) 
 
Raman spectroscopy (Figure 5.4) of the cross section revealed diamond-like carbon and graphite on the top 
zone. Laser heating has thus transformed diamond to graphite and this transformation has helped in the 
material separation process (will be mathematically proven later). In other words, a thermal induced 
chemical transformation has helped in the material separation process, which is termed as thermo-chemical 
machining. It is reported that the metal binder (Co) also assists in the transformation of diamond to 
graphite [6]. In some cases it is believed that the carbon is dissolved in the metal binder and re-precipitated 
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as graphite while in other cases the metal particles may simply act as templates for the epitaxial growth of 
carbon [33]. A volume expansion is associated with the transformation of diamond to graphite. The lattice 
spacing of the two phases are 2.0 Å and 3.5 Å respectively [34] which corresponds to a maximum volume 
increase of diamond by 75% after complete graphitization. 
 
5.5.2. Cut Quality Analysis 
The cross-section of the laser and LWJ cut samples were analyzed using optical and scanning electron 
microscopes. As observed in the Figure 5.6, laser cutting produces three noticeable regions. The top layer is 
the graphite/diamond-like carbon layer as seen in the SEM image in Figure 5.6(a). The globules like 
structures are recast cobalt (binder). The middle layer shown in Figure 5.6(b) is a transition layer and 
depicts sheared surfaces. The bottom layer shown in Figure 5.6(c) is the fracture zone. However these 
sheared surfaces are often not present in the LWJ cutting compared to laser cutting.  
 
 
Figure 5.5: Raman spectroscopy of laser cutting of PCD 
 
Surface roughness data of the different zones across the cross section are shown in the Table 5.1 & 5.2. The 
top zone became rougher with increasing cutting velocities. Higher percentage of graphitization has 
occurred at lower cutting velocity resulting in a smoother cut. However, the overall surface roughness 
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improved at higher cutting speeds since the transformed zone depth decreased (see Table 5.1). Similarly in 
LWJ cutting the net heat input is lower due to the presence of mist/water vapor in the air which is also 
confirmed by the lower absorptivity coefficient determined in the analysis as shown in section 3. Hence the 
top layer was rougher than laser cutting (see Table 5.2). For the same reason that the depth of transformed 
region was lower in LWJ, the overall surface roughness is better in LWJ machining than in laser machining. 
The surface roughness obtained in laser /LWJ processes is comparable to  the surface roughness of 2 to 4 
μm obtained in electrical discharge machining processes [8]. 
 
Figure 5.6: Analysis of the cut cross section by laser cutting at 1000 W and 42.32 mm/s (100 inch/min) (a) 
Top/graphitized zone (b) middle/transition zone and (c) bottom/fracture zone 
 
Table 1: Surface Roughness Measurement of cut cross section by laser machining at different cutting speeds 
Surface Roughness (Ra) Laser 
Cutting Cutting Speed 
mm/s (inch/min) Top 
Layer 
Bottom 
Layer 
Overall 
42.43 (100) 5 μm 2 μm 12 μm 
63.64 (150) 12 μm 2 μm 5 μm 
 
Table 2: Surface Roughness Measurement of cut cross section by both laser and LWJ machining at a cutting 
speed of 42.32 mm/s (100 inch/min) 
Surface Roughness (Ra) Laser 
Cutting 
Surface Roughness (Ra) LWJ 
Cutting 
Top 
Layer 
Bottom 
Layer 
Overall Top 
Layer 
Bottom 
Layer 
Overall 
5 μm 2 μm 12 μm 7 μm 2 μm 7 μm 
 
The maximum cutting speed reported previously by Nd:YAG laser cutting of PCD was 12.5 mm/min [1] at 
420 W average powers while we have achieved maximum cutting speeds of 86.64  mm/s (2 m/min) and 
43.32 mm/s (2.6 m/min) by CO2 laser cutting and CO2 laser/waterjet cutting respectively at 1000 W. 
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5.5.3. Modeling the effective absorptivity  
Experimental observations of both laser and LWJ machining have led us to expect a poor absorptivity of the 
material at infrared regime. Graphitization of diamond which takes place during laser heating causes 
increased absorption of IR radiation. Modeling of this process complicates due to change (drastic increase) 
in the absorptivity during diamond graphitization. To model this effect, an effective absorptivity to 
represent the cumulative effect during the machining process was calculated by matching the temperature 
field at the transformed depth to the diamond-graphite transition temperature. The transition temperature 
has been reported to be affected by the presence of binder (Cobalt) [6]. Various temperatures ranging from 
600°C – 700°C [6], 900°C [35],  to 1200°C [36] have been reported as the diamond to graphite transition 
temperature. For the purpose of analysis we had considered 900°C as the transition temperature.  
 
 
The temperatures at the transformed depth are matched to predict the absorptivity that can be used in the 
modeling. The depths of the transformed zone were measured from the SEM images. The temperature 
distribution across the thickness was plotted at the highest heating instance for both laser and LWJ 
machining (Figure 5.7) using the error function solution of the mathematical model. The material properties 
considered for the analysis are given in Table 5.3. The heating intensity was calculated from Eqn 6(b) for 
laser power of 1000 W and spot size of 0.2 mm. The cooling intensity for waterjet was chosen as the 
maximum intensity that can completely absorb all the heat from the material. In other words it is the 
intensity which can force the temperature on the surface of the material to near room temperature. The 
value of cooling intensity chosen for LWJ machining was 9.0 x 107 W/m2. A maximum convective 
coefficient of 1 x 104 W/m2 was used in the calculations [37]. The values of absorptivity for laser machining 
and LWJ machining are iterated to match the partial onset of diamond to graphite transition temperature 
with the transformed depth. The absorptivity for laser and LWJ machining were found to be 0.35 and 0.326 
respectively. The low absorptivity and efficiency in LWJ machining is due to the presence of water vapor 
[17].  
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Table 3: Properties of PCD and Graphite Considered in the Analysis 
Young’s modulus Thermal expansion 
coefficient 
Densit
y  
Thermal 
Conductivit
y  
Specific 
Heat 
Capacity  PCD Graphite 
Thermal 
diffusivity  
PCD Graphite 
Fracture 
Toughness  
4000 
kg/m3 
[7] 
600  
W/mK [1] 
500 
J/kgK 
[38] 
872.3 GPa 10 Gpa 3.0 x 10-4 
m2/s 
8.86 x 10-6  
(/K)[7] 
4.5 x 10-6 
(/K) 
3-6 Mpa √m 
[39] 
 
Figure 5.7: Temperature across thickness for different machining methods for the determination of respective 
absorptivity. 
 
 
The LWJ temperature curve on the surface (z= d/2) and at x = 0 m and y = 0.04 m is shown in Figure 5.8 
with respect to time. The temperature curve increases during heating and attains a maximum value at the 
end of the heating zone and drops sharply there afterwards. The curve shows a small dip (shown by a 
circle) and then a gradual increase before converging to room temperature or 0°C. The relatively sharp 
downward slope of the LWJ curve is caused due to water quenching and the rise in the curve is caused 
when the heat flows from neighboring regions. This leads to the dipping effect seen in the Figure 5.8. Such 
effects might not be seen in temperature plots of low thermal conductive materials like alumina [17, 18]. It 
is worthy to note that the temperature rise takes place even when the cooling zone has not completely 
crossed the point of interest. Heat from the neighboring regions raises the temperature before it drops 
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down to zero. The cooling part of the curve is simulated by Eigen function series solution for the 
temperature model. The number of Eigen functions used in the mathematical model along x, y, and z axes 
were 50, 400, and 50 respectively. The Eigen function expansion provides a simple form of the temperature 
and stress solution but suffers from very slow convergence in resolving large gradients. The slow rate of 
convergence leads to a wavy profile. Increasing the number of Eigen functions leads to smoother curves but 
results in extremely large computational times. However, increase in number of Eigen functions has no 
effect on the maximum tensile stress developed at the highest cooling point. 
 
Figure 5.8: Temperature plot at an arbitrary point on the surface at different time intervals 
 
5.5.4. Computation of stress intensity factor and Griffith Energy 
LWJ cutting of polycrystalline diamond is a thermo-chemical mode of machining involving both thermal 
and transformation stresses. The highest thermal stresses (tensile) occur during cooling while highest 
transformation stresses are encountered during heating. Thermal stresses were calculated from the 
temperature distributions across the workpiece. The tensile thermal stresses during cooling for LWJ and 
laser machining are on the order of 100 MPa. The peak tensile thermal stresses across the thickness are 
plotted in Figure 5.9.  
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Figure 5.9: Stress distribution across the thickness for laser and LWJ machining 
 
 
 
Figure 5.10: Griffith Energy Vs a/w. Griffith Energy calculated for thermal stress only 
 
The stress intensity factor for the plane strain edge cracks (see Figure 5.2 (a)) are calculated using weight 
function method for Mode I loading of crack (in the x-z plane) [27] and the weight functions for different 
crack lengths are calculated using finite element package, ABAQUS (Providence, RI). The Griffith Energy 
for crack channeling was calculated as a function of a/w and is plotted in Figure 5.10. It can be seen that the 
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Gct curve for thermal stresses are lower than the Gc (critical energy release rate) at the crack depth of 0.3 w 
(and well extends upto 0.8 w) corresponding to the depth of the diamond to graphite transformation zone. 
 
 
According to our hypothesis, a stress intensity factor due to transformation has aided the crack channeling 
energy to exceed the critical energy. The calculated minimum value of the additional transformational 
stress intensity factor required for fracture was 2.2 MPa√m for 0≤a/w≤0.3. This corresponds to a crack 
mouth opening displacement of 51 nm. The Griffith Energy curve representing the combined effect thermo-
mechanical stress and the chemical transformation is shown in Figure 5.10. For a/w ranging from 0.3 to 0.9, 
the KI values calculated by either of the formulae (Eqn (20) or Eqn (21)) are nearly equal and hence only one 
set of values were considered in the calculation of Griffith Energy. Hence, the effect of the chemical 
transformation has resulted in a wedge which has played a significant part in crack propagation. It is to be 
noted that even earth worms use this mode of wedge opening technique to open up tougher soil layers [28]. 
Diamond has a lattice spacing of 2.0 Ǻ and graphite has a lattice spacing of 3.5 Ǻ, which approximately 
amounts to a strain of 75% [34].  The transformed material acts as a wedge due to its higher volume and 
produces a splitting effect resulting in opening up the crack [29, 30]. This type of wedge induced crack 
propagation is also seen in the burrowing pattern of worms in sands of higher toughness [28]. 
 
The process map for laser/LWJ cutting of PCD substrates is shown in Figure 5.11. The process map relates 
the experimentally observed fracture behavior with laser machining parameters. The process map helps to 
understand the different regimes in the material separation of PCD substrates. The threshold CO2 laser 
power to initiate transformation for 0.5 mm thick substrates was found to be 1000 W. Line energy (ratio of 
laser power to velocity in J/mm) greater than 23.1 J/mm yields material separation in both laser and LWJ 
cutting while line energy in between 23.1 J/mm and 11.41 J/mm yields scribing for LWJ cutting and 
material separation for laser cutting. Line energy lower than 11.41 J/mm yields scribing.  
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Figure 5.11: Process Map for machining of PCD substrates 
 
5.6. CONCLUSION 
Machining of PCD substrates were accomplished using novel thermochemical material removal mechanism 
in which localized heating of PCD leads to phase transformation. Both thermal stresses during waterjet 
cooling and the expansion associated with the phase transformation leads to localized loading and 
controlled crack propagation. The mathematical model was useful in obtaining transformational stress 
intensity factor and process maps relating laser machining parameters to the observed fracture behavior. 
Experimental and numerical results demonstrate that PCD substrates can be machined along one 
dimension at high cutting velocity using both CO2 laser and CO2 laser/waterjet. The maximum cutting 
speeds experimentally determined (86.64 mm/s by laser cutting and 43.32 mm/s by CO2 LWJ cutting) are 
much higher than the cutting speeds previously reported by Nd:YAG laser.  
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6.1. ABSTRACT 
The significance of polycrystalline cubic boron nitride (PCBN) as a tip tool material for machining high 
strength alloys/steels emphasizes the demanding need for a faster and a cost effective machining system 
for precise fabrication of these tools. We have discussed a hybrid Laser/Waterjet (LWJ) machining system 
for this purpose, its underlying mechanism of machining, and the process parameters in the cutting of 1.6 
mm thick PCBN. While LWJ cutting of low thermal conductive materials like alumina, zirconia etc was 
completely based on thermal shock induced fracture, it was found that the cutting of cubic boron nitride 
has been greatly assisted by the thermo-chemical transformation process. We have attempted to calculate 
the stress intensity factors due to chemical transformation and thermo-mechanical stresses using a 
mathematical model discussed in this paper. Also better cut quality in terms of kerf width, recast layer, 
presence of micro-cracks, surface roughness, and flexural strength has also been discussed in this paper.  
 
 
Keywords: polycrystalline cubic boron nitride (PCBN), Laser/waterjet machining (LWJ), thermal shock 
machining, thermo-chemical machining, transformation, cut quality 
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6.2.  INTRODUCTION 
Polycrystalline cubic boron nitride (PCBN) has a proven performance in the machining of high strength 
steels/alloys as well as metal matrix composites [1]. However, PCBN is a difficult-to-machine ceramic 
material due to its ultra-high hardness and good chemical and thermal stability. Laser machining of 
ceramics has been increasingly gaining acceptance as an alternative to traditional machining methods [2-5]. 
Swiss Federal Institute of Technology in Lausanne, Switzerland has developed Laser-Microjet® [6], a 
hybrid technology based on waterjet-guided Nd:YAG laser for machining of PCBN. In this laser based 
cutting technique, a free laminar waterjet is used as an optical waveguide to direct the Nd:YAG laser beam 
onto the sample. The Laser-Microjet® allows precise cutting of PCBN materials with small kerf and good 
surface finish. Q-switched pulse laser (up to 300 W) of 532 nm wavelength and water pressure of 2-10 MPa 
was employed for the process. Though this process helped to obtain a taper-free, narrow kerf features and 
smaller tolerances (than those obtained with conventional laser and EDM processes), it suffers from very 
slow cutting speeds as it reports 60 passes with each pass at a speed of 6 mm/min to cut 3.25 mm thick 
PCBN sample.  
 
A non-traditional hybrid CO2-Laser/Waterjet (LWJ) machining process has been developed by our group 
and has been applied in the machining of electronic ceramics such as aluminum oxide and aluminum 
nitride [3, 7]. Details of the design and working principles of LWJ system are described in 
Kalyanasundaram, D, et al. [3]. During the localized laser heating of the PCBN blank in an oxygen-rich 
environment, both the binder phase and the substrate material undergoes chemical transitions resulting in 
a build-up of tensile stresses in the surface layers which lead to crack formation and subsequent separation 
of PCBN wafers along the laser path. Unlike other machining techniques which uses a harder tool to 
machine PCBN, we exploit a given property (chemical transformation) of the material to achieve material 
separation. In this work, we have explained the mechanism of fracture with both the thermo-mechanical 
analysis and thermo-chemical analysis . We have calculated the Griffith Energy from stress intensity factors 
for both chemical  transformation and thermo mechanical stresses. 
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6.3. MATERIALS AND EXPERIMENTAL PROCEDURE  
6.3.1 Material composition and dimension 
Experiments were conducted on commercial grade, electrically insulating Polycrystalline Cubic Boron 
Nitride samples of 66mm dia x 1.6 mm thick from Diamond Innovations, Inc. (Worthington, Ohio). PCBN is 
a part of BZN 6000 series with a composition of 82% CBN (particle size of 8-12 μm) and 18% of AlN binder 
and other impurities.  
6.3.2 LWJ Experimental setup and procedure 
A continuous wave CO2 Laser (Model 820 Spectra Physics) of 10.6 μm wavelength and 1.5 kW rated power 
was used for the experiments. The laser head has been modified to accommodate the low-pressure Waterjet 
(< 1000psi or < 8MPa). The design of the LWJ system and working mechanism has been discussed 
elsewhere [2]. The beam from the laser was sent through a circular polarizer and then directed into a 
focusing lens in a gas-jet cutting assembly. The 126-mm focal length lens produced a theoretical focal spot 
diameter of 0.2 mm at the sample surface. The samples are placed on x-y positioning table controlled by a 
computer numerical (CNC) controller. 
Two sets of experiments were conducted. The first set of experiments were conducted with laser alone and 
the second set of experiments were conducted with laser/waterjet (LWJ). The results from these two sets 
would help us in understanding the mechanisms of fracture and the relative advantages of each of the 
individual process. 
 
The first set of cutting experiments were carried out with the laser alone and oxygen as an assist gas. The 
laser powers were varied between 400 and 600 W. The machining was performed at different laser head 
velocities from 2.11 mm/s (5 inch/min) to 6.35 mm/s (15 inch/min). Oxygen with a pressure of 69 kPa (10 
psi) was delivered through a coaxial nozzle with a diameter of 2 mm. The laser beam was focused to a spot 
size of 0.2 mm diameter on the sample surface and air pressure in the coaxial nozzle was held at 35 kPa (5 
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psi) to protect the lens from spatter. The nozzle was maintained at a standoff distance of 2-3 mm from the 
surface of the substrate.  
 
The second sets of experiments were conducted with LWJ at laser power of 800 W. The machining was 
performed at different laser head velocities of 2.11 mm/s (5 inch/min), 4.23 mm/s (10 inch/min) and 6.35 
mm/s (15 inch/min). The waterjet pressure was made constant at 3445 kPa (500 psi). The waterjet trailed 
the laser beam on the workpiece surface with a spacing of 3.1 mm between their centers. The aim of the 
experiment was to find the threshold line energy (ratio of laser power to cutting velocity) for material 
separation. 
6.3.3 Topography and Chemical Analysis 
Optical microscope equipped with an image acquisition system and scanning electron microscope (Joel 
6600) were used to characterize the cut quality features such as the kerf width, width of heat affected zone, 
and taper of cut surface etc. Surface roughness measurements were performed using a Zygo model 5000 
series optical profilometer of vertical resolution of 0.1 nm. This instrument utilizes a white light optical 
interference technique and offers a non-contact, rapid method of characterizing and quantifying 3-D surface 
data including surface roughness, step heights, critical dimensions, and other topographical features with 
excellent precision and accuracy. Chemical compositions of the substrate and cut surface were analyzed by 
X-ray Photoelectron Spectroscopy (a multitechnique chamber Perkin-Elmer Model 5500) with PHI-ACCESS 
software. The base pressure of the chamber was 1.03 x 10-7 Pa (8 × 10-10 Torr) or less. The X-ray source 
provides monochromatized Al K α radiation at a power of 250 W. The take-off angle used in these 
experiments was 45 °. 
6.4. MATHEMATICAL MODELING 
To quantity the fracture behavior i.e to obtain a relationship between the observed fracture behavior and 
the laser machining parameters, a mathematical model had been devised. Determination of the temperature 
distribution along the laser cutting path forms the first task. Green’s method of solution of the Heat 
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Conduction model helps in the determination of required temperature field. Evaluation of quasi-static 
stresses [8] from the temperature distribution was the next step/ task before estimation of the stress 
intensity factors/Griffith Energy release rates for different crack configurations and relating them to the 
corresponding cutting parameters.  
6.4.1 Determination of Temperature distribution 
The temperature distributions at different points on the workpiece were determined by solving the 
Fourier’s Heat conduction equation stated by Eqn (1a).  
 
( )ρ ∂ = ∇ +2p Tc k T q x, y,t ,I ,dt h cI       Eqn (1a)  
( ) ( ) ( ) ( )
( ) ( ) (
⎡ ⎤= − − − − −⎣ ⎦
⎡ ⎤− − − − − − − − − −⎣ ⎦
h c h x y
c x y 0 y 0 y
 
q x, y,t ,I ,I I h x vt y vt y 2h
)I c x vt 2h l y vt 2h l 2c y
H H H
H H H
where
 Eqn (1b) 
Here cp is the specific heat of the material, ρ is the density of the material, k is the conductivity of the 
material, q (x,y,t,Ih,Ic) is the total heat input, Ih is the heating intensity of the laser beam and Ic is the cooling 
intensity of the waterjet,  is the Heaviside function, v is the velocity of the cutting head, hx, cx, hy, cy are the 
half lengths of the heating and cooling zones along x and y direction respectively and l0 is the separation 
distance between the laser spot and the waterjet cooling zone on the surface of the workpiece. The 
boundary conditions depicting the LWJ cutting experiment are given in Eqn (2). The top layer was modeled 
as a convective layer where both laser heating and waterjet cooling takes place (Figure 6.1). The bottom 
layer was modeled as an insulated layer due to the absence of any physical contact of the fixture with the 
lower part of the workpiece (directly below the laser cutting path) and also due to minimal possible flow of 
air through the channel covering the lower part. The assumption would also enable us to choose a simpler 
mathematical function which satisfies the given boundary conditions. 
H
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Insulated Boundary Condition    Eqn (2) 
 
Figure 6.1: Orientation of the workpiece and the different axes 
 
The temperature solution can be obtained either by error function approach or by Eigen function approach. 
While the former has been used to capture the steep temperature gradients during heating, the latter has 
been used during the cooling instance as it helps in obtaining a simplified solution for solving stress fields.. 
Maximum tensile stresses occur during cooling where there are no steep gradients and the temperature 
drops down to ambient temperature. The mechanical and thermal properties of PCBN considered in the 
analysis are given in Table 6.1. 
Table 6.1: Properties of PCBN considered in the Analysis 
 
Thermal expansion 
coefficient 
 
 
Density 
Thermal 
Conductivity 
Specific 
Heat 
Capacity 
Poisson
’s Ratio 
Young’s 
modulus 
PCBN PCBN AlN 
Fracture 
Toughness 
3400 
kg/m3 
[9] 
200 [10]  
W/mK  
900 [10] - 
960 [11] 
J/kgK  
0.15[9] 710 
GPa[9] 
5.6 x 10-6 [10] 
 
4.5 x 10-6 
(/K)[7] 
4.5-5.5 MPa 
√m [12]  
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                    Eqn (3) ( ) ( )θ∞ ∞ ∞
−∞
= +∫ ∫ ∫ 0 0 , 0 h c 0 0 0 0 0 0 0
0 0
T( x, y,z,t ) q x , y t ,I ,I x,x , y, y ,z,t ,t .dy .dx .dt T
where (θ 0 0 0 )x,x , y, y ,z,t ,t  is the solution to the associated problem given by 
                      ( ) ( ) (ρ δ δ δ δ∂ ⎛ ⎞= ∇ + − − − −⎜ ⎟⎝ ⎠
2
p 0 0
T dc k T x x y y z t
dt 2
)0t                         Eqn (4) 
The temperature solution in error function approach can be written as 
( ) 2t n i 0h c i i i 02
i=10
-ξ κ(t-t )1 1 zT x,y,z,t =  (Q -Q ) A Cos ξ  Cos ξ +  ex 0p dt   + T4kd 2 d d
⎛ ⎞⎛ ⎞⎛ ⎞ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠ ⎝ ⎠∑∫  
 Eqn (5) 
where Qh, Qc, Ai, a, ξi and T0 are given by  
 
h x x
h
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4 t t t t t t t t
0 0
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κ κ κ κ
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 Eqn (6a) 
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2
          Eqn (6b) 
Here κ represents thermal diffusivity and iξ represents Eigen values of the characteristic 
equation, i i tan  = Biξ ξ  where Bi  represents Biot number. 
The value of the coefficient 
i
i
i
BiA
Bi Bi
ξ
ξ
⎛ ⎞+= ⎜ + +⎝ ⎠
2 2
2 22 ⎟       Eqn (7a) 
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and heating intensity 
 hI =  as Pbπ 2
4
     Eqn (7b) 
 
 where P and b are the laser power (W) and laser spot size (m) respectively. The cooling intensity Ic of the 
waterjet is the maximum intensity that would cool the workpiece to near room temperature [13]. The Eigen 
function solution has been discussed in detail by Kalyanasundaram et al. [13]. The Eigen solutions are more 
appropriate for zones sufficiently away from the boundary of the workpiece.  
6.4.2 Determination of Thermal stresses 
Non-uniform heating and cooling of the specimen leads to development of thermal stresses in the specimen 
[8]. Uncoupled quasistatic thin plate analysis was used to determine the resulting thermal stress fields. 
Since the thickness of the wafer is thin in comparison to its length and width, a plane stress assumption was 
used in the mathematical model.  
      σ σ σ= = =zz xz yz0                                                                Eqn (8) 
Stress function Φ and out-of-plane displacement fields wd satisfy the following differential equations and 
associated boundary conditions of stress free boundaries of the workpiece.  
∇ Φ = −∇ TN4 2                                                            Eqn (9) 
∇ ∇4 2d T1D w = - M1- υ                   Eqn (10) 
where the bending rigidity per unit length, ( ) 32
1D = Ed
12 1 - υ
                        Eqn (11) 
Temperature distribution across the thickness determines the forcing terms in the above equations:  
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                                                      Eqn (12) α
−
= ∫
d / 2
T
d / 2
N E T  dz
α
−
= ∫
d / 2
T
d / 2
M E z T  dz                                                       Eqn (13) 
Stress function and out-of-plane displacement fields are also expressed as an Eigen function expansion and 
the partial differential equations are reduced to algebraic equations and hence easily solved. When the heat 
source and cooling zone are at sufficient distance from the workpiece boundaries, the stress free boundary 
conditions are exactly satisfied because the temperature field is localized near the processing zone and 
insignificantly small near the boundaries. Hence, the solutions for stress function and out-of-plane 
displacements are given by: 
Φ ∫
d/2
2 2
m n -d/2
1= αE  T 
ω +ξ
dz                              Eqn (14) 
 
ν ∫
d/22 2
m n
d 2 2
m n -d/2
ω + ξw = αE z  
ω +ξ
T dz        Eqn (15) 
The stress component (σxx) along the x axis that results in opening or closing of cracks is given in Eqn (16). 
Similar analysis may be utilized to calculate the other components of stress.  
( )( )σ αυ ∂ ∂= − + − +− ∂⎛ ⎞⎛ ⎞+⎜ ⎟ ⎜⎝ ⎠ ⎝ ⎠
2 2
xx 3 2 2
d d
x T
w w1 1 12zD
ET
1 d d x
1-υ N N ∂ ⎟y                          Eqn (16) 
The in-plane forces per unit lengths in the above expressions are determined from the stress function as 
follows: 
Φ Φ2 2
x xy y2N = ;  N = - ;   N =y y
Φ2
2
∂ ∂ ∂
∂ ∂ ∂ ∂x x                                       Eqn (17) 
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It is important to note that this solution is only valid for the cases when laser and waterjet spots are away 
from the workpiece boundaries and in this paper, it has only been used to determine the driving forces for 
cracks away from the boundaries.  Further, the temperature and stress distributions are determined under 
the assumption that only the surface layers of material under the laser spot undergo melting, vaporization, 
and solidification and the localized material change does not influence the stress and temperature fields in 
the rest of the workpiece. 
6.4.3 Crack Configurations and Energy Release Rates 
Two modes of crack growth [14] can result in material separation namely plain strain cracking and crack 
channeling as shown in Figure 6.2. Machining can either start before/at the edge of the workpiece or inside 
the edge of the workpiece. And crack propagation analysis is dependent on the position of start of 
machining. At the beginning of a through-cut, laser radiation is incident over the specimen boundary 
resulting in damage and subsequent cracking across the whole thickness during waterjet quenching. 
Therefore, equilibrium depth of a channeling crack is most appropriate for approximating the LWJ induced 
cut depth in thin through-cut specimens.  However in the cases where cut starts away from the free edge or 
boundary, crack propagation analysis is represented by a two step process: plain strain analysis of edge 
crack is utilized to approximate the initial cut depth at the beginning of the cut (when there are no pre-
existing cracks in the workpiece), and subsequently, channeling crack analysis is utilized to approximate 
the propagation of the initiated cut along the laser path.   
 
Figure 6.2 (a): Plain strain cracking    (b): Crack Channeling 
 
In the present paper, the case of through-cut thin PCBN workpieces was considered and the stress intensity 
factor and energy release rates for channeling cracks are computed using weight-functions [13, 15]. The 
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plane strain energy release rate Gp was calculated from the stress intensity factor KI for mode I for different 
crack depths “a.” The channeling energy release rate Gt for an edge crack is obtained from the average 
energy release rate over the depth of the channeling front [14]. For a steady state crack extension, it is 
assumed that the crack will channel at fixed depth, with a constant tip shape and constant release rate. The 
Griffith Energy release rates for plain strain cracking is given by Zhao et al [14] as in Eqn (18). 
I
ps
KG
E
= ′
2
       -- Eqn (18) 
where KI is the stress intensity factor in Mode I crack loading and E’ is the Young’s Modulus for plane stress 
condition. The energy release rate for crack channeling is given by the sum of plain strain energy from 
integrated between 0 to the crack length as shown in Eqn (19). 
a
chan psG G (a ) a
da′ ′= ∫
0
1
      -- Eqn (19) 
6.4.4 Effect of Transformation on Crack Propagation 
The chemical transformation of the constituent compounds can take place during laser or laser/waterjet 
machining. This produces a wedge effect (see Figure 6.3) [16-18], if the transformed compound has a higher 
volume than the substrate material. Therefore the chemical transformation will in turn help propagate 
cracks to yield material separation. The stress intensity factor due to transformation can be related to crack 
mouth opening displacement. The stress intensity factor ahead of the crack tip can be expressed as a 
function of material property (Young’s modulus & poisson’s ratio) and crack/material configuration (a– 
length of crack, w – thickness of the specimen and δl – crack mouth opening displacement). The relationship 
between crack mouth opening displacement (CMOD) and the stress intensity factor is given by Eqns (20) 
and (21-a) [19, 20]. Eqn 20 is a simplified form and has been used in the calculation of stress intensity factor 
for wedge induced cracking [20]. A detailed form of the relationship relating KI, P (load) and δl (CMOD) is 
given by Eqn 21. The following assumptions were made in the calculation of the additional stress intensity 
factor KI due to transformation: (i) CMOD increases proportionally by a factor (a/w+0.64)2 for 0≤a/w≤dt 
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(depth of transformation) or KI is a constant and (ii) KI decreases proportionally by a factor of (a/w+0.64)2 
for dt<a/w≤0.9. 
( )
( )
2
l
I 2
δ 3E/ 1-v
K =
2 w a/w+0.64
          --- Eqn (20) 
( ) ( )
( )
2
l 1
I
2
δV a/w E/ 1-v
K =
wV a/w
    ------ Eqn (21 a) 
where               ------ Eqn (21 b) ( ) ( )( ) ( )-3/2 2 31V α  = 2+α 1-α  0.886 +4.64α -13.32α +14.72α - 5.6α4
5and  ( ) ( ) ( ) ( )2 -2 2 3 42V α  = 1+α 1-α  2.1630+12.219α - 20.065α -0.9925α +20.609α - 9.9314α
------- Eqn (21 c) 
 
Figure 6.3: Transformational effect and CMOD 
 
The additional stress intensity factor required to explain the cause of the (experimentally) observed fracture 
is the transformational stress intensity factor. The crack mouth opening displacement can be calculated 
from the value of the transformational stress intensity factor. 
6.5. RESULTS AND DISCUSSION 
6.5.1 Cut Quality and Line energy of LWJ system in comparison to Laser Machining 
Cut samples by thermal fracture using CO2 laser were compared with LWJ cut samples to evaluate the cut 
quality obtained in LWJ machining. Observations of the cut surfaces clearly show two distinct regions 
namely the oxidized zone and the fracture zone as shown in Figure 6.4 and Figure 6.5. The cut quality 
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obtained in LWJ cutting of both the zones are better in terms of surface roughness than that obtained in 
laser cutting as shown in the Table 6.. However, LWJ results in higher power consumption partly due to the 
cooling of workpiece by water and partly due to the absorption of laser light by water at 10.6 μm [21].  For 
the same reason, LWJ results in smaller and shallower heat affected zone and smaller kerf width. Crack 
propagation is quite controlled in LWJ cutting while in laser cutting, tapering effect is noticed at the starting 
edge. 
 
Figure 6.4: Single pass Laser cut of 1.6 mm thick CBN 
 
  
Figure 6.5: Single pass LWJ cut of 1.6mm thick CBN 
  
6.5.2 Chemical analysis of the cut surfaces 
The thermal stresses developed are inversely proportional to thermal diffusivity and therefore lower 
stresses are induced in high thermal conductive ceramics such as cubic boron nitride. And given its higher 
strength, material separation observed in the machining of PCBN can be explained by the induction of 
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transformational stresses. Upon investigation by X-ray photoelectron spectroscopy (XPS) it was found that 
there was an increase in the amount of oxygen content on the cut surface as compared to the virgin material. 
This increase in oxygen indicates that one or many of the several oxidation/reduction transformations may 
have taken place in the whiter regions in Figure 6.6, such as oxidation of boron nitride to boron trioxide, 
oxidation of aluminum nitride (binder) to aluminum oxide and formation of traces of aluminum boride.  
Table 6.2: LWJ Vs. laser cutting of 1.6 mm PCBN blank 
 
Surface Roughness  
Ra RMS 
Minimum 
Line energy 
Kerf 
Width 
HAZ* Remarks 
LWJ 8.6 μm 10.36 μm 368 J/mm 148 μm 630 μm Tapering noticed [3] 
Laser Cutting 10.96 μm 12.8 μm 62.3 J/mm 216 μm 1560 μm Higher power consumption 
* HAZ – Heat Affected Zone 
 
Figure 6.6: SEM image of the cross-section by (a) Laser (b) LWJ and higher magnified view (c) Laser cut (d) 
LWJ cut 
 
      The XPS spectrum of the individual elements on both the substrate and the oxidized material are shown in the 
Figure 6.7 and Figure 6.8. There is a shift in the binding energy peak of boron roughly from 193 eV (Figure 6.8 (a)) 
to 196 eV (Figure 6.8 (b)). This confirms the presence of boron nitride (190.4 eV [22], 190.5 eV [23], 190.6 eV [24], 
192.1 eV [25], and 192.2 eV [25]) in the substrate material transforming to a mixture of boron oxide (192 eV [26], 
192.4  eV [27], 193.1  eV [28], 193.3 eV [29], and 193.6 eV [30]), aluminum boride (188.5 eV [31]) and boron nitride 
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in the transformed region. Similarly an increase in the binding energy can be noticed for aluminum also. This 
confirms the formation of aluminum oxide (74.3 eV [32], 74.3 eV [33], and 74.6 eV [34]) and aluminum boride 
(119.8 eV [35]) from aluminum nitride (73.9 eV [36], 74.4 eV [35], and 119.4 eV[35]).  
 
Figure 6.7: (a) XPS spectrum of bulk substrate (b) XPS spectrum of the transformed/oxidized region (white 
region) 
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Figure 6.8 (a): XPS spectrum of boron in the substrate and (b) in the transformed region; (c) XPS spectrum of 
aluminum in the substrate material and (d) in the transformed region 
 
6.5.3 Determination of Effective Absorption coefficient 
The mathematical model for temperature is dependent on a number of variable factors such as the Input 
power Intensity or heating intensity (Ih), cooling intensity (Ic), net energy absorption coefficient (a) and 
convective coefficient (h). The input heat intensity for laser cutting was calculated from Eqn (7b) for a laser 
power of 800 W and laser spot size of 0.2 mm. In the case of LWJ cutting the laser power was 1000 W for the 
same spot size. The maximum intensity of cooling that will force the temperature of the workpiece to the 
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room temperature was chosen. For LWJ cutting, the cooling intensity used was 2.8 x 107 W/m2. A 
maximum convective coefficient of 1 x 104 W/m2 was used in the calculations [37]. The net energy 
absorption coefficient (as) was modeled to account for the losses in the laser optics, losses due to the 
presence of water vapor/mist in the machining zone, and the losses due to reflection and transmission of 
PCBN at 10.6 μm. The net absorption coefficient for laser and LWJ machining  was determined by matching 
the temperature at the transformed depth to the onset of the oxidation of aluminum nitride of 900°C [38] 
and the onset of oxidation of boron nitride of 900°C [39]. The formation of aluminum borides takes place 
around 1363 K [40].  
Experimental observation of during LWJ machining has lead us to expect a poor absorptivity of the 
material due to the presence of water vapor and lower cutting velocity. We iterate the value of 
absorptivities in the analytical model to match the temperature at the transformed depth to the oxidation 
temperature of aluminum nitride and boron nitride i.e 900°C [38, 39].  It was found from analysis that the 
effective absorptivity during laser and laser/waterjet (LWJ) machining was 0.8 and 0.233 respectively as 
shown in the Figure 6.9. LWJ machining at velocity of 2 mm/s (5 inch/minute) results in laser radiation 
being absorbed by water to a greater extent. This effect can be clearly seen in the Figure 6.9. The 
temperature and stress distribution can be determined given the values of the absorptivity.  
A typical temperature plot at a point of the surface in the laser path with respect to time is plotted in Figure 
6.10. Error function based solution is used to capture the peak temperatures while Eigen function based 
solution is used during cooling. It should be noted that the modeling does not take into account of melting, 
vaporization, and solidification. This assumption does not affect our model as the focus would be the 
calculation of maximum tensile thermal stresses which occur during cooling and hence the peak 
temperatures would not affect our model. The number of Eigen functions used along x, y, and z axes were 
50, 400, and 50 respectively. The waviness of the plot was due to the poor rate of convergence in solving 
large gradients associated with cooling and heating. The undulations can be minimized by using large 
number of Eigen values and at the expense of large computational times. As the maximum tensile stress 
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generated during cooling does not vary significantly during cooling, we have performed this analysis at 
moderate number of Eigen values.  
 
Figure 6.9: Temperature plot across the thickness at the maximum heating instance for both laser and LWJ 
cutting 
 
Figure 6.10: (a) A typical temperature profile with respect to time at a point on the surface (b): A typical 
temperature profile across thickness during maximum cooling instance 
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6.5.4 Determination of thermal stress intensity factor and transformation stress intensity 
factor 
The thermal stress distributions at three different depths (top, center, and bottom) are plotted with respect 
to time in Figure 6.11 for line energy of 368 J/mm. It can be noticed that the stresses on the top reach a 
maximum of 180 MPa while in the case of low conductive ceramics such as alumina (see Ref [41]) the 
stresses are in the order of few GPa, an order of magnitude higher than the high conductive ceramics. 
Thermo-mechanical stresses can explain the fracture mechanisms in low conductive ceramics while both 
thermo-mechanical and thermo-chemical stresses are required to explain the fracture mechanism in high 
conductive ceramics. The Griffith Energy for crack channeling due to thermal stresses is plotted in Figure 
6.12 as a function of normalized crack depths (a/w). The plot confirms that the thermal Griffith Energy is 
quite low in comparison to the threshold energy level. Hence, chemical transformation should contribute to 
the driving energy for material separation. 
 
The volume expansion caused by the oxidation of nitrides could result in the additional driving forces.  The 
substrate’s cubic boron nitride has a lattice spacing of 3.616 Ǻ [42]. The binder aluminum nitride is either 
has a cubic structure of lattice spacing of 4.38 Ǻ or a wurtzite structure of lattice spacing a = 3.11 Ǻ and c = 
4.979 Ǻ [42]. The oxidized products namely hexagonal boron oxide and hexagonal aluminum oxide have 
higher volume than the nitrides. The lattice constants of boron oxide are a = 4.336 Ǻ and c = 8.340 Ǻ [43] 
while the lattice spacing of aluminum oxide are a = 4.76 Ǻ and c = 12.99 Ǻ [44]. This roughly corresponds to 
a volume increase of a minimum of 240% up to a maximum of 310% depending on whether the substrate’s 
AlN has a wurtzite structure or a cubic structure. This difference in the lattice volume can be calculated 
from the lattice volume of the substrate and the oxidized material as shown in the Table 6.3. The large 
increase in volume of the oxidized material will create a wedge effect that will drive cracks to yield material 
separation. The properties of the oxidized products are given in Table 6.4. 
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Figure 6.11: (a) Uncoupled quasi-static thermal stress plot at three different depths with respect to time (b): 
Thermal stress plot across thickness at the maximum cooling instance 
 
Table 6.3: Analysis of various chemical compounds during LWJ machining 
Substrate material 
Compounds 
Lattice 
Structure 
Lattice 
Parameters 
(Ǻ) 
Lattice 
Volume 
(Ǻ3 ) Percentage 
Net 
Volume 
(Ǻ3) 
BN Cubic 3.616   47.28 68.88 32.57 
B2O3 Cubic 4.336 8.34 156.80 5.74 9.00 
AlN Cubic or 4.38   84.03 18 15.12 
  Wurtzite 3.11 4.979 41.71 18 7.51 
  Total Volume (Ǻ3) (If AlN is Cubic) 56.69 
  
Total Volume(Ǻ3) (If AlN has Wurtzite 
structure) 49.07 
Oxidized material 
Compounds 
Lattice 
Structure 
Lattice 
Parameters 
Lattice 
Volume Percentage Net Volume 
BN Cubic 3.616   47.28 12.3 5.82 
B2O3 Cubic 4.336 8.34 156.80 52.48 82.29 
Al2O3 Hexagon 4.76 12.99 764.67 16.38 125.25 
AlB2 -           
      Total Volume (Ǻ3)   213.36 
 
 
 
 144
 
Table 6.4: Properties of oxidized compounds 
 
Compounds Young’s Modulus (GPa) Temptrans (°C) 
Al2O3 365 [45] 900 [38] 
B2O3 324 [46] 900 [39] 
AlB2 - 1100 [40] 
 
To explain the cause of fracture observed during experimentation, we hypothesize that an increase in stress 
intensity factor due to transformation has aided the crack channeling energy to exceed the critical energy. 
The calculated minimum and the maximum values of the additional transformational stress intensity factor 
required for fracture was 4.4 MPa√m and 5.9 MPa√m for 0≤a/w≤0.13. This corresponds to a minimum and 
a maximum crack mouth opening displacement of 179 nm and 234 nm respectively for a/w of 0.13. The 
Griffith Energy curve representing the combined effect thermo-mechanical stress and the chemical 
transformation is shown in Figure 6.12. For a/w ranging from 0.13 to 0.9, the KI values calculated by either 
of the formulae (Eqn (20) or Eqn (21)) are nearly equal and hence only one set of values were considered in 
the calculation of Griffith Energy. Hence, the effect of the chemical transformation has resulted in a wedge 
which has played a significant part in crack propagation. It is to be noted that even earth worms use this 
mode of wedge opening technique to open up tougher soil layers [16]. 
 
6.6. CONCLUSIONS 
The chemical transformation assisted laser machining of the tip-tool material poly crystalline cubic boron 
nitride has been explained in detail in this work. A mathematical model previously devised has been used 
to relate laser machining parameters and Griffith Energy for material separation, with the effect of 
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additional stress intensity factor due to transformation. This wedge based driving of cracks can also be 
extended to other materials undergoing chemical transformation during machining. 
 
 
Figure 6.12: Griffith Energy curve for thermal stress and cumulative tensile stresses at various crack depths 
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7.1. Abstract 
 
Polycrystalline cubic boron nitride (PCBN) is a difficult-to-machine ceramic material due to its ultra-high 
hardness and good chemical and thermal stability. In this paper, we report a novel CO2 laser cutting 
method based on crack separation mechanism for electrically insulating PCBN blanks with aluminum 
nitride as the binder phase. During the localized laser heating of the blank surface in an oxygen-rich 
environment, the binder phase undergoes chemical transitions resulting in a build-up of tensile stresses due 
to shrinkage and thermal gradients; these tensile stresses in the surface layers lead to crack formation and 
subsequent separation of PCBN wafers along the laser path. The material removal mechanism was 
investigated in both CO2 laser alone and hybrid CO2 laser/waterjet cutting systems.  In comparison to CO2 
laser alone, hybrid CO2 laser/waterjet system required more energy but produced better cut quality in 
terms of kerf, cut straightness, taper and surface roughness.   
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7.2. Introduction 
 
Cubic boron nitride (CBN) is the second hardest material on earth.  It is advantageous over diamond, the 
first hardest material, in terms of greater thermal stability (high temperature) and chemical stability (less 
reactive to metals like iron and titanium). Due to its ultra-high hardness and high-temperature chemical 
stability, PCBN tool inserts are used for machining hard cast iron, high chrome alloy steels, high-strength 
nickel superalloys and powder metal alloys. PCBN is available in two forms: one is in the form of thin 
layers backed on a cemented carbide substrate and the other is solid cylindrical compact produced by 
consolidation of boron nitride powders with binders at high pressures and temperatures. The binders 
infiltrated in PCBN are either metallic (cobalt) or ceramic (TiN and AlN). 
Tool inserts are cut from the compact blanks by diamond sawing, electric discharge machining (EDM) and 
Nd:YAG laser cutting and finished by diamond grinding, lapping, and polishing. A variety of tool 
geometries such as square, triangular, circular and rhombus are fabricated for use in various machining 
operations. The main requirements of a manufacturing process in cutting the desired geometry of tool 
inserts are: capabilities to generate smooth surface, parallel kerf, narrow kerf, minimal heat affected zone 
and excellent dimensional tolerance enabling precision; and acceptable cutting speed.  
Co and TiN-sintered PCBN cause the compacts to be electrically conductive, which allows convenient 
cutting of the blanks by EDM. However, a family of AlN-sintered PCBN blanks is electrically insulating 
and thus cannot be cut using EDM techniques. Waterjet cutting of blanks, a slow process, gives rise to 
wider kerf, poor surface finish and taper limiting the precision. Typically a Q-switched Nd:YAG laser in the 
fundamental mode is used to machine such PCBN blanks due to its excellent absorption characteristics[1]. 
However, this type of laser cutting removes the material through melt blow and evaporation mechanisms 
resulting in the formation of recast layer, conical and wider kerf, rough edge and collateral thermal damage. 
In order to improve the precision, laser-cut tools need to be finished by diamond grinding [1]. 
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There is considerable interest in investigating novel material removal methods and mechanisms to 
overcome the deficiencies of conventional laser cutting of PCBN. Hidai and Tokura [2] investigated the 
hydrothermal-reaction assisted laser drilling of PCBN in steam environment based on measurements of 
mass loss at high temperatures. CBN film deposited on copper substrate, binder-containing sintered PCBN, 
and binderless sintered PCBN were irradiated with an Ar-ion laser in water and steam as well as in 
different gas atmospheres. Single-crystal and binderless sintered CBN reacted very well with steam and 
thus hydrothermal-reaction-assisted laser machining was effective. However the technique failed in binder-
containing sintered CBN.  
Swiss Federal Institute of Technology in Lausanne, Switzerland has developed Laser-Microjet® [3], a 
hybrid technology based on waterjet-guided Nd:YAG laser for machining of PCBN. In this unique laser 
cutting technique, a free laminar waterjet is used as an optical waveguide to direct the Nd:YAG laser beam 
onto the sample. The Laser-Microjet® allows precise cutting of PCBN materials with small kerf and good 
surface finish. Q-switched pulse laser (up to 300 W) of 532 nm wavelength and water pressure of 2-10 MPa 
was employed for the process. The waterjet prevented any thermal damage and permitted parallel beam 
transmission through the sample leading to taper-free and narrow kerf features. The tolerances are much 
smaller than those obtained with conventional laser and EDM processes. However the process suffers from 
very slow cutting speeds as it reports 70 passes with each pass at a speed of 7 mm/min to cut 3.25 mm thick 
PCBN sample. 
In this work, we report a novel cutting process for PCBN that relies upon development of tensile stresses 
due to chemical transitions and thermal gradients; these stresses initiate controlled separation of material 
through crack formation rather than by traditional melting and evaporation. The material separation 
technique consists of melting and resolidification of thin surface layers of binder-containing PCBN in an 
oxygen-rich environment. The shrinkage associated with phase transformation and oxidation of surface 
layers coupled with temperature gradients drive the development of tensile stresses, resulting in crack 
propagation and material separation. The technique is tested using CO2 laser alone as well as a hybrid CO2 
laser/waterjet (CO2-LWJ) machining systems. The CO2-LWJ is a non-traditional hybrid machining process 
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that has been developed by our group and applied to electronic ceramics such as aluminum oxide and 
aluminum nitride [4-6]. Details of the design and working principles of CO2-LWJ are described in a 
NAMRC 35 paper [6]. CO2-LWJ is beneficial over diamond saw, conventional laser and abrasive waterjet 
cutting processes in improving the precision and is competitive with Nd:YAG Laser-Microjet for improving 
the cutting speed.   
7.3. Experimental Procedure 
 
Cutting experiments were conducted on a commercial grade, electrically insulating PCBN blank (75 mm 
diameter X 1.6 mm thickness) supplied by Diamond Innovations, Inc. (Worthington, Ohio). PCBN blank is 
a part of BZN 7000 series with a composition of 82% CBN (particle size of 8-12 µm) and 18% of AlN binder 
and other impurities. All the experiments were performed on a computer numerically controlled (CNC) 
worktable using a continuous wave, 10.6 µm wavelength CO2 laser with a rated power of 1500 W (Model 
820 Spectra Physics). Three sets of experiments were conducted.  
The first set of cutting experiments was carried out with the laser alone and oxygen as an assist gas. The 
beam from the laser was sent through a circular polarizer and then directed into a focusing lens in a gas-jet 
cutting assembly. The 127-mm focal length lens produced a theoretical focal spot diameter of 0.2 mm at the 
sample surface. The laser power was set at 400 W. Oxygen with a pressure of 69 kPa (10 psi) and 138 kPa 
(20 psi) was delivered through a coaxial nozzle with a diameter of 2 mm. The nozzle was maintained at a 
standoff distance of 1-2 mm from the surface of the substrate. The sample was placed on x-y positioning 
table controlled by a computer numerical (CNC) controller. The cutting speed ranged from 4 mm/sec (10 
in/min) to 6 mm/sec (15 in/min).  
Second set of experiments was carried out with the laser alone and argon as an assist gas in order to 
identify the role of chemical transformation of surface layers. Assist gas pressure, laser power and cutting 
speed were maintained to be same as in the first set of experiments. 
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Third set of cutting experiments was carried out with CO2-LWJ cutting head (details are given in Reference 
6) where the laser beam was focused to a spot size of 0.2 mm diameter on the sample surface and air 
pressure in the coaxial nozzle was held at 35 kPa (5 psi) to protect the lens from spatter. The water-jet 
pressure was made constant at 3445 kPa (500 psi). The water-jet trailed the laser beam on the workpiece 
surface with a spacing of 3.1 mm between their centers. The laser power was varied between 400 W and 800 
W while the cutting speed was in the range 2.1 mm/sec (5 in/min) to 6.3 mm/sec (15 in/min). Straight-line, 
single track cuts were made.   
Optical and scanning electron microscope (SEM) observations were used to characterize the cut quality 
features. Kerf width on the top and bottom surface, size of heat affected zone, and taper of cut surface were 
measured using an optical microscope equipped with an image acquisition system. Surface roughness 
measurements were performed using a Zygo model 5000 series optical profilometer that has a vertical 
measurement resolution of 0.1 nm. This instrument based on white light optical interference offers a non-
contact, rapid method of characterizing and quantifying 3-D surface data including surface roughness, step 
heights, critical dimensions, and other topographical features with excellent precision and accuracy. SEM 
along with energy dispersive spectroscopy was used to identify chemically transformed regions on the cut 
surface.  
 
7.4. Results and Discussion  
 
Cutting experiments conducted in oxygen-rich environment exhibited crack formation and subsequent 
material separation along the laser path. While in the case of laser with argon assist gas, only a superficial 
scribe with no discernible material removal was observed on the PCBN specimens for the same power and 
cutting speed. The comparison clearly demonstrates that oxidation-induced stress is essential for crack 
propagation and material separation in CO2 laser cutting of PCBN.  
The cut specimens were divided into three different groups: scribed (surface cracks without material 
separation), scribe-cut (through the thickness crack and snapping at light pressure material separation) and 
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through-cut (clean fracture and material separation). Figure 7.1 shows how these types of machining are 
dependent on the energy density parameter P/DV (J/mm2) where P is the laser power, D is the spot size, 
and V is the cutting speed. 
 
Figure 7.1: Effect of Energy Density 
 
In both cases of cutting, the crack induced in the workpiece propagated in controlled manner along the 
laser path and was arrested at the end of cut coincident with final beam location. Blind cuts with a through 
the thickness crack propagation (but no material separation) were used to study the kerf and heat affected 
zone. Through-cut samples were used to measure the surface roughness and identify chemically 
transformed regions.  
In oxygen-gas assisted dry laser cutting, through-cuts were observed for the energy density range 
investigated (Figure 7.1). Kerf width on the top surface was 0.2 mm and negligible on the bottom surface 
indicating that material separation took place due to crack propagation. Although fine kerfs were obtained, 
the key problems noted were large heat affected zone (~1.5 mm) and undulations in the crack path 
propagation through the thickness leading to taper and rough surface. Figure 7.2 shows the top view of a 
typical scribe-cut PCBN illustrating the fine kerf and large heat affected zone. Undulations in the crack path 
become very pronounced near the starting edge (Figure 7.3a) of the specimens resulting in large taper 
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(between 18 to 20º) as seen in Figure 7.3b.  The cutting mechanism, kerf width and taper of cut remain 
unaffected by the change in pressure of oxygen assist gas from 69 kPa (10 psi) to 138 kPa (20 psi).  
 
 
Figure 7.2: Top view of Laser cut PCBN 
 
In contrast to oxygen-assisted dry laser cutting, the type of cut during the LWJ strongly varied with energy 
density parameter, P/DV as shown in Figure 7.1. At the lowest energy density range (300 – 1000 J/mm2), 
scribing of the PCBN sample occurred with a fine kerf width on the top surface (approx 0.05 mm). 
Increasing the line energy to 1500 J/mm2 resulted in scribing with a slightly higher but still a narrow kerf 
and crack propagation through the thickness such that application of light pressure lead to snapping and 
material separation. At the highest energy density (~1800 J/mm2), a longitudinal, throughthe-thickness 
crack propagated along the laser path, leading to clean cut. Kerf width for through-cuts was approximately 
0.15 mm which was slightly lower compared to oxygen-assisted, dry laser-cut PCBN surfaces. A side view 
of a typical LWJ cut PCBN sample is shown in Figure 7.4. In both scribe-cut and through-cut specimens, the 
crack in LWJ cutting propagated through the thickness along a straight line with no undulations resulting 
in a straight cut surface with little or no taper (max taper angle ~2º) as depicted in Figure 7.4. For blind cuts, 
the cracks are not visible at the bottom surface of the cut therefore kerf width at the bottom surface for LWJ 
cutting could not be measured.  
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Figure 7. 3: Undulations of crack path a) bottom view b) side view 
 
At the beginning of the LWJ cut, the laser beam is incident on the sample. As a result, a larger kerf is 
formed on the sample surface for a distance that separates the waterjet from the beam. However the kerf 
becomes narrower when both laser beam and waterjet are acting on the sample surface as shown in Figure 
5. This decrease in the kerf indicates that during LWJ cutting all of the laser power does not reach the 
sample surface. A significant portion of the laser power is being absorbed by water vapor produced during 
quenching of heated sample surface which in turn increased the energy density requirement for through-
cut as compared to oxygen-assisted laser cutting (Figure 7.1).  
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Figure 7.4: Side view of typical cut by LWJ 
 
 
 
Figure 7.5: Top view of PCBN cut by LWJ highlighting the change in kerf with the 
introduction of waterjet 
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Figure 7.6: SEM image of oxygen assisted laser cut surface. Inset shows details of 
surface layer undergoing transformation 
 
Figure 7.7: SEM image of cross section cut by LWJ. Inset shows the 
details of transformation 
Compositional analysis revealed that the recast layer is covered with small particles of aluminum oxide. 
Recast layer is consistently observed to be 30 to 50% larger for samples cut using oxygen-assisted laser 
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cutting than for LWJ. Representative optical profilometer traces along fractured region (area “b”) of 
oxygen-assisted laser and LWJ cut samples are shown in Figures 7.8 and 7.9 respectively. Roughness of the 
fractured area is similar in both cases with an average roughness (Ra) approximately equal to 10 µm. 
 
Figure 7.8: Typical profilometer trace of oxygen assisted laser cut sample 
 
The mechanism of crack-cutting for PCBN begins with localized heating and phase transformation of 
surface layers due to the laser energy. Assuming one-dimensional heat transport, the surface temperature 
of PCBN during laser irradiation can be determined using the following equation:  
( )( )sT T I / k Dt / π= +0 4                                              -- Eqn (1) 
where To is the ambient temperature (300 K), I is the absorbed laser power density, k is thermal 
conductivity (1400 Wm/K [1]), D is thermal diffusivity of PCBN (5 x10-4 m2/s [1]) and t is the interaction 
time. For a customary laser power density of 2.5 x 104 W/cm2 and interaction time of 0.05 seconds, surface 
temperature is estimated as 1300 K. Previous experimental studies on oxidation [7-9] have established that 
AlN starts oxidizing at about 1173 K and rate of oxidation follows a parabolic law above 1273 K. Thus, laser 
heating of PCBN surface to temperatures above 1173 K in an oxygen-rich atmosphere certainly causes the 
oxidation of the AlN binder phase and formation of aluminum oxide (recast layer) in the laser-irradiated 
spot. 
 
As the laser spot travels away, recast layer as well as the substrate cool down to room temperature. 
Thermal expansion coefficient of aluminum oxide (~ 8.2 x 10-6 /K) is higher than PCBN (~ 5.6 x10-6 /K [1]) 
and thermal expansion mismatch will result in development of tensile stresses in the recast layer during 
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cooling down period. Hence, the residual tensile stresses induce the formation of cracks in recast layer that 
in turn cause the separation of PCBN samples. Magnitude of tensile stresses in recast layer may be 
estimated from:  
( )( )res Al Al PCBN fEσ α α= −2 3 2 30 0 T T−                                         -- Eqn (2) 
where E is Young’s modulus (aluminum oxide ~ 360 GPa); α is thermal expansion coefficient, T is final 
temperature (~ 25ºC) and Tf is stress-free temperature. Assuming that aluminum oxide layer is stress-free at 
start of oxidation (~1173 K), magnitude of tensile stress in aluminum oxide particles is approximately 830 
MPa. Given that PCBN tool blanks are composed of approximately 18% of AlN binder phase, the average 
tensile stress in the recast layer is about 150 MPa. At this level of tensile stresses, a simplified estimate of 
critical crack length, acr, required for separation of PCBN blank is given by:  
IC
cr
avg
Ka π σ
⎛ ⎞= ⎜ ⎟⎜ ⎟⎝ ⎠
2
1
                                                             -- Eqn (3) 
 
where KIC is the fracture toughness of PCBN (~2.8 MPa.m1/2). This simplified analysis indicates that any 
crack about 110 µm in length will propagate through the thickness. As shown in Figures 7.6 and 7.7, recast 
layer on the cut surface is greater the 150 µm for both oxygen-assisted laser as well as LWJ cutting. Hence, 
during cooling, the presence of highly-stressed aluminum oxide leads to nucleation of the crack that 
propagates through the entire thickness leading to material separation. 
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Figure 7.9: Typical profilometer trace of LWJ cut sample 
 
During oxygen-assisted dry laser cutting, laser-formed recast layer and substrate cool down due to 
dissipation of heat through conduction into the substrate. Given the high thermal conductivity of PCBN, 
magnitude of thermal gradients is relatively small and the cooling process does not lead to development of 
significant thermal stresses. Hence only the tensile stresses generated due to oxidation of binder phase near 
the surface drives the crack through the thickness. As a result, the crack path undulates as it propagates 
into the unstressed material below the surface layer leading to large taper and deviations (shown in Figure 
7.3).  
In contrast during LWJ cutting, the heated recast layer is rapidly quenched form the heated state due to the 
water-jet. The rapid quenching leads to thermal shock and development of additional tensile stresses. 
PCBN is a highly thermal conductive, hence there will not be significant thermal gradients across the small 
wafer thickness but the spatial proximity of the heated material under the laser spot and quenched material 
under the water-jet will lead to large in-plane thermal gradients. As a result, the heated material will be 
subjected to compressive stresses while the neighboring quenched material will be subjected to tensile 
stresses. The tensile stresses in recast layer generated due to binder phase oxidation nucleate and drive the 
crack through the thickness. Superposition of the in-plane thermal tensile stresses due to waterjet 
quenching ensures that the crack does not deviate from the laser path as it propagates through the 
thickness leading to material separation with minimal taper of cut surfaces (as shown in Figure 7.4). 
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7.5. Conclusions 
A novel cutting mechanism of CO2 laser cutting of electrically insulating PCBN tool blank with AlN binder 
phase was investigated. PCBN wafers were cut using oxygen-assisted laser and laser/waterjet (LWJ) 
machining systems. The material removal mechanism is identified to be controlled fracture of PCBN wafers 
due to development of tensile stresses associated with high-temperature oxidation of AlN in oxygen-rich 
environment and thermal gradients induced by the laser beam and waterjet. Results show that oxygen-
assisted laser cutting enables splitting of PCBN wafers at lower energy density but has poor cut quality in 
terms of large heat affected zone and large taper as compared to LWJ cutting. The results also infer that 
LWJ manufacturing process can be further developed to be an excellent alternative to the currently used 
methods for machining and cutting PCBN tool blanks. 
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Chapter 8. CONCLUSIONS 
This project involved completion of number of tasks related to hybrid laser/waterjet machining of ceramics. 
Specifics of the work are: 
1. Design, fabrication, and validation of a hybrid machining system was achieved.  
2. A mathematical model for prediction of temperature and stress fields was developed and was used 
to relate laser machining parameters to the fracture characteristics of the material. 
3. Identified the material removal mechanisms for low and high thermal conductivity ceramics 
a. Thermal shock induced stress fields lead to controlled fracture of low conductive ceramics.  
b. Phase transformation and oxidation induced stresses lead to controlled fracture of high 
conductive ceramics 
4. Significant improvement in cutting speed of ceramics as well as in cut quality compared to other 
cutting processes was achieved. 
8.1 LWJ Machining System 
A laser/waterjet cutting head was designed, fabricated, and integrated with an existing CNC laser system 
for machining hard and brittle materials such as ceramics. Cutting experiments were conducted on alumina 
to demonstrate the effectiveness of LWJ cutting head. Experimental results showed that laser/waterjet 
machining utilized the synergistic effects of laser and waterjet for material separation through controlled 
thermal fracture and required three to five times less energy input than conventional vaporization mode 
but in comparison to air cooled thermal fracture mode, LWJ material separation required more energy 
input.  
8.2 Mathematical Model 
Numerical model were developed to predict temperature, stress field and driving forces for cracks that 
results in scribing and separation of workpiece. Comparison of experimental and numerical results 
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indicated that critical value of driving force for channeling cracks determines the transitions between 
scribing to material separation whereas a critical value of surface energy density determines the transition 
from controlled separation to uncontrolled cracking of the workpiece. Based on these observations, a map is 
created to relate process parameters to fracture characteristics of alumina specimens. In other words, the 
analytical model presented clearly demonstrates that fracture behavior during LWJ machining can be 
related to the laser parameters and a process map could be generated. 
8.3 LWJ Machining of Alumina 
The LWJ machining of alumina achieved higher cutting speeds of 150 inch/min (59.2 mm/s) for a laser 
power of 200 W. This is higher than the previously reported speed of 5-30 mm/s. The cut quality of LWJ 
samples is better than the laser cut samples. As an example, we have compared samples cut at a laser 
power of 150 W and at a cutting velocity of 70 inch/min (29.6 mm/s). The kerf width of the sample cut by 
laser is 350-400 μm, while that cut by LWJ is less than 100 μm. The heat affected zone is around 600-700 μm 
in laser cut sample, while it ranges between 100-200 μm for LWJ cut sample. The surface roughness of the 
laser cut sample is 5.3 μm while that of the LWJ cut sample is 4.2 μm. The flexural strength of the laser cut 
sample is 195 MPa while that of the LWJ cut sample is 322 MPa. This substantiates the fact that LWJ cut 
quality is better than the laser cut quality.  
 
8.4 LWJ Machining of Zirconia 
A process map predicted using the mathematical model was used in the machining of zirconia. 
Experimental results showed that the mathematical model prediction was more appropriate and heavily 
relied on the thermal and optical properties of the material. Hence accurate properties data is required. 
Therefore, the technique is quite useful in determining a relationship between laser cutting parameters and 
fracture characteristics of ceramic materials. It can also be extended to different materials with suitable 
modifications. In the machining of zirconia by LWJ machining, no chemical change (such as oxidation or 
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reduction of the compounds) or phase transformation have been noticed and therefore material separation 
has been due to thermal shock only. 
8.5 LWJ Machining of PCBN 
Machining of PCBN was accomplished due to the chemical transformation of the aluminum nitride 
(binder) to aluminum oxide as well as the partial transformation of boron nitride to boron trioxide. The 
mathematical model has been used to manipulate the minimum transformational stresses that help in the 
material separation process and thereby prove the hypothesis. LWJ machining of 1.6 mm thick PCBN 
substrate resulted in improved cutting velocity of 160 mm/min compared to the previously reported speed 
of 7 mm/min. A comparison between laser cutting and LWJ cutting is made to understand the benefits of 
LWJ cutting. Kerf width for laser and LWJ cutting is 216 μm and 148 μm respectively. Similarly the heat 
affected zone width for laser and LWJ cutting was 1560 μm and 730 μm respectively. However, the surface 
roughness (Ra)  in both cases were almost the same and was equal to 10 μm.  
8.6 LWJ Machining of PCD 
Experimental and numerical results demonstrate that PCD substrates can be machined along one 
dimension at high cutting velocity using both CO2 laser and CO2 laser/waterjet. Machining is accomplished 
using novel thermochemical material removal mechanism in which localized heating of PCD leads to phase 
transformation and the expansion associated with the phase transformation leads to localized loading and 
controlled crack propagation. The transformational strains calculated from these stresses are about 4% 
which is much less than the lattice spacing difference between diamond and graphite. The maximum 
cutting speeds experimentally determined (86.64 mm/s by laser cutting and 43.32 mm/s by CO2 LWJ 
cutting) are much higher than previously reported cutting speed of PCD by Nd:YAG laser. However, the 
overall surface roughness by LWJ cutting is better than the surface roughness obtained in laser cutting. 
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8.7 Future Work  
8.7.1 Multi-pass LWJ Machining of thicker ceramics  
The LWJ technique described in this work suits machining of ceramics for thicknesses from 0.5 mm to 1.6 
mm. However, single pass cutting of thicker ceramics (~ 4.8mm) resulted either in uncontrolled cracking or 
unsmooth cut surface (with spatter and recast layer) due to the excessive energy input. Multi-pass cutting 
has produced cut surface with better cut quality. Modeling of the multi-pass cutting is one of the future 
scopes of work. 
8.7.2 Contour Cutting  
The LWJ head has been designed and fabricated with a ‘Rotating Housing’ that has vertical grooves on its 
circumference to assist in interfacing of the laser cutting head to the third axis of the CNC positioning table 
through a belt and pulley system. The rotating housing is designed such that the housing, nozzle, and 
water inlet can freely rotate with respect to the laser path. This arrangement will help the waterjet (flowing 
from the water outlet in the nozzle) to rotate about the laser outlet in order to follow the laser path during 
profile cutting. Efforts with the aid of gas pressure will be undertaken to prevent splashing of water around 
the peripheral devices such as optics etc. Water-jet pressure determines the rate of quenching and heat 
transfer on the sample surface and consequently, the magnitude of stresses imposed due to thermal shock. 
Preliminary design calculations indicate that waterjet pressure of 5 MPa will be sufficient to quench the 
samples during LWJ machining at maximum laser power of 1500 W. The LWJ system includes a water 
pump that will be able to attain the required pressure levels. Experiments and numerical analysis need to 
be conducted to identify the processing parameters required for contour cutting of ceramics. 
8.7.3 LWJ Milling  
Crack Spalling is third mode of fracture that can occur due to thermal stresses generated in LWJ machining. 
The spalling mode of fracture can be used to mill pockets of different depths. Ceramic milling will find 
extensive applications given its brittle nature and chemical inertness which has made conventional 
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machining and chemical etching non-effective in terms of time and cost. Experiments and numerical 
analysis need to be conducted to identify the processing parameters required for LWJ milling of ceramics. 
8.7.4 3-D Finite Element Formulation 
A 3-D finite element formulation of the LWJ machining can be performed to solve for the thermal stresses 
generated and can be used to check the appropriateness of the stress determined. It can also be used to 
create a 3-D map of the stress distribution.  
  
 
 
 
 
 
 
